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Corrosion  is  very  costly.  The  expenses  caused  by 
corrosion  in  the  U.S  alone  run  into  the  billions  of  dollars 
a year  (1) . At  the  sane  time  the  entire  industry  depends  on 
the  stability  of  metals,  and  they  in  turn  depend  on  a few 
hundred  angstroms,  sometimes  even  less,  of  protective  film 
for  their  stability  (2) . "The  loss  of  chemical  reactivity 


under  certain 

environmental 

conditions" 

(1)  , 

is  termed 

passivity. 

In 

other  words. 

the 

metal 

is 

stable  under 

conditions 

t hat 

the imodynamically 

favor 

its 

corrosion . 

Other  definitions  for  passivity  appear  in  the  literature 
(3-5) . Passivity  of  metals  was  discovered  over  a century 
ago,  when  iron  was  observed  to  corrode  rapidly  in  dilute 
nitric  acid  but  did  not  corrode  in  concentrated  nitric  acid. 
Then,  as  today,  this  behavior  was  explained  by  the  formation 
of  a protective  film  on  the  metal  surface.  These  surface 
layers  vary  in  thickness  from  metal  to  metal  and  from 
environment  to  environment.  Surface  layers  less  than  10 
angstroms  (6)  thick  have  been  reported  to  passivate  the 
surface  of  stainless  steels,  but  naturally  there  are  other 
metals,  such  as  lead,  where  the  protective  films  that  form 
can  be  several  orders  of  magnitude  thicker.  In  view  of  all 
this  it  will  be  hard  to  overemphasize  the  importance  of  the 
protective  films  - oxides,  carbonates,  sulfates  and  many 
more.  Theories  have  been  developed  to  explain  and  predict 
the  film  formation,  among  them  the  "Oxide  film  theory"  (3) 
and  the  "Adsorption  theory"  (4) . 


Much  research  on  passivity  was  done  since  Faraday 
observed  the  passivation  of  iron  in  nitric  acid,  hut  there 
are  still  many  questions  to  be  answered.  Passivity  affects 
many  aspects  of  our  life,  from  cars  to  buildings  and  from 
energy  to  food.  Any  new  technique  that  can  help  in 
answering  some  of  these  questions  is  welcome.  The  objective 
for  this  research  is  to  try  and  show  the  applicability  of 
infrared  reflection  spectroscopy  to  surface  analysis  of 
passive  films  while  doing  original  research  on  lead. 


1.1.  Pourbaix  Diagrams 

One  of  the  most  powerful  tools  to  deal  with  surface 
reactions  and  films  are  the  Pourbaix  diagrams.  The  method 
was  developed  by  N . Pourbaix  and  is  explained  in  detail  in 
his  atlas  (7)  . 

In  the  Pourbaix  diagrams  one  can  find  the  regions  of 
immunity  - the  unreacted  metal  is  thermodynamically  the  most 
stable  chemical  specie,  passivity,  and  corrosion  - the 
region  where  an  ion  of  the  metal  or  a nonprotective  oxide 
are  the  stable  species.  A simplified  Pourbaix  diagram. 
Figure  1,  shows  the  three  general  regions  for  a given 
system  - in  this  case  lead-water.  Unlike  the  detailed 
Pourbaix  diagrams  this  one  does  not  show  the  species 
predicted  to  be  stable  under  the  different  conditions  but 
rather  gives  an  overview,  showing  regions  of  corrosion, 
passivity,  and  immunity,  for  a quick  reference  to  the  system 
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of  interest.  The  fotential- pH  diagrams  store  huge 
quantities  of  thermodynamic  data  in  a relatively  simple  way 
which  is  quite  easy  to  understand  and  has  the  great 
advantage  of  summarizing  the  information  in  a graphic 
manner.  In  constructing  a diagram  one  has  to  define  the 
system  and  within  it  the  species  of  interest.  The  Gibbs 
free  energies  of  formation  of  the  different  species,  or 
enough  data  to  calculate  them,  must  be  known.  A series  of 
chemical  reactions,  in  equilibrium,  involving  the  species  of 
interest  is  selected  and  from  it  using  the  Vant-hoff, 
Faraday  and  Nernst  equations  a linear  relation  of  potential 
and  pH  is  calculated.  An  example  of  the  methodology  of 

calculating  and  drawing  a Pourbaix  diagram  is  given  in 
Appendix  1 . 

The  diagrams  can  be  used  for: 

a)  Predicting  the  spontanous  direction  of  reaction  under 
given  potential  - pH  conditions. 

b)  Estimating  the  composition  of  corrosion  products. 

c)  Predicting  changes  - pH,  potential,  composition  of 
solution  - to  reduce  the  attack. 

Thermodynamically  calculated  Pourbaix  diagrams  have  some 
very  important  limitations  which  must  be  remembered  every 
time  they  are  used: 

1)  They  contain  no  kinetic  information. 

2)  The  information  exists  for  pure  metals  and  not  for 
alloys.  Present  understanding  of  thermodynamics  does 
not  allow  their  calculation  for  alloys. 
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3)  Assumptions  are  made  about  solution  compositions 
which  are  not  always  applicable  to  real  world 
engineering  problems. 

In  recent  years  attempts  have  been  made  to 
experimentally  determine  Pourbaix  diagrams  in  the 
laboratory.  These  experimental  diagrams  have  the  advantage 
of  providing  kinetic  information;  they  can  also  be  developed 
for  alloys  as  well  as  pure  metals  (8,9)  . 

1.2.  Infrared  Reflection  Spectroscopy 

Surface  analysis  advanced  a great  deal  in  the  last 
decade.  Many  technigues  that  were  barely  developed  emerged 
to  become  major  analytical  tools.  These  include  ; Auger 
Electron  Spectroscopy  (AES)  (10),  Electron  Spectroscopy  for 
Chemical  Analysis  (ESCA)  (11),  Second  Ion  Mass  Spectrometry 
(SIMS),  Ion  Scattering  Spectroscopy  (ISS)  (12),  Scanning 
Electron  Microscopy  (SEM)  (13,14),  electron  and  ion 
microprobe  spectrosccpy,  Mcssbauer  spectroscopy  (15) , and 
low  energy  electron  diffraction  (LEED)  (16) . These 
technigues  joined  those  that  were  already  in  use  such  as 
X-ray  diffraction  (13,14)  and  ellipsometry  (17).  Among  the 
techniques  mentioned  there  are  some  that  are  capable  of 
detecting  surface  films  as  thin  as  5 angstroms  (12),  and 
give  information  on  oxidation  states  or  the  identity  of  the 
atoms  in  the  film.  Other  technigues  are  capable  of  depth 
profiling  by  a sequential  removal  of  surface  layer  after 
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surface  layer. 

In  view  of  all  this  one  must  ash  the  inevitable  question 
of  why  we  need  infrared  reflection  spectroscopy  as  a surface 
technique.  The  answer  is: 

1)  Unlike  all  the  electron  and  ion  techniques  infrared 
reflection  spectroscopy  does  not  require  vacuum.  This 
is  an  advantage  in  the  case  of  surface  films  that  are 
sensitive  to  and  can  be  altered  by  vacuum.  An  example 
for  this  type  of  films  are  films  that  contain  water  of 
hydration  and  will  lose  these  waters  when  exposed  to 
vacuum. 

2)  Infrared  reflection  spectroscopy  provides  structural 
information.  The  other  techniques  which  are  sensitive 
to  thin  surface  layers  provide  atomic  or  oxidation  state 
identity  (SIMS,  ESCA,  AES) , provide  kinetic  information 
(ellipsometry)  or  require  vacuum  (LEED)  . 

3)  Infrared  spectroscopy  provides  structural  information 
both  for  crystalline  and  amorphous  materials. 

4)  The  experimental  instruments  for  infrared 
spectroscopy  are  well  developed,  and  almost  any  good 
commercial  instrument  can  be  adjusted  with  minor  changes 
to  operate  in  the  reflection  mode.  The  things  that  are 
required  are  two  reflection  attachments  and  a polarizer, 
these  can  be  purchased  from  a variety  of  manufacturers. 
The  overall  price  for  an  infrared  spectrometer  equipped 
for  reflection  werk  is  50-1  OX  of  the  price  for  electron 
and  ion  instruments  (12) . 
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5)  Preliminary  investigations  indicate  that  film 
thicknesses  as  thin  as  10  angstroms  can  be  analyzed 
using  infrared  reflection  spectroscopy  (18,19).  This 
compares  favorably  with  the  most  sensitive  electron 
techniques . 

6)  One  of  the  main  advantages  of  the  infrared 
spectroscopy  is  that  its  theory  is  fully  developed. 

7)  Infrared  spectroscopy  can  be  considered  as  a truly 
non-destuctive  technique,  probing  the  surface  with  low 
energy  radiation. 

The  technique  has  been  used  in  research  of  the  following 
subjects:  adsorbed  molecules  on  metal  surfaces  (20)  , thin 

polymer  films  on  metal  surfaces  (21) , identification  of 
oxidation  compounds  on  metal  surfaces  (18,19),  ceramic 
surface  degradation  (22,23),  recording  single  crystal 
spectra  (24,25),  and  corrosion  inhibition  (26). 

A brief  and  intuitive  approach  to  the  theory  of  infrared 
reflection  spectroscopy  will  be  given  here.  For  detailed 
mathematical  and  optical  formulation  the  reader  is  refered 
to  the  works  by  Francis  and  Ellison  (27),  Greenler  (28,  31), 
Poling  (32),  Tompkins  (33),  Harrick  (34)  and  Lavin  (35). 

The  problem  refers  to  a thin,  homogenous,  isotropic, 
parallel-sided  film  cn  a metal  surface,  such  as  is  shown  in 
Figure  2a.  Assuming  the  radiation  falls  at  near  the  normal 
incident  angle  to  the  surface  the  reflected  wave  and  the 
incident  wave  will  combine  to  form  a standing  wave  with  a 
node  of  the  electric  field  vector  at  the  surface.  With  zero 
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electric  field  vector  at  the  surface  no  interaction  with  the 
surface  species  can  result,  and  thus  its  not  possible  to 
obtain  a spectrum.  In  the  case  of  a 10  micron  wavelength, 
which  is  typical  of  those  used  in  this  research,  the 
distance  between  the  node  of  the  electric  field  vector,  at 
the  surface,  and  the  first  maximum  will  be  25,000 
angstroms,  thus  making  the  surface  the  best  place  to  hide  a 
few  hundred  angstroms  of  oxide  film  from  detection. 

Kith  the  same  approach  the  polarization  of  the  incident 
light  should  be  considered.  An  incident  vave  polarized 
perpendicular  to  the  plane  of  incidence  will  undergo  a 180 
degree  phase  shift  upon  reflection,  and  thus  the  incoming 
and  the  outgoing  waves  cancel  each  other  at  the  reflecting 
surface.  On  the  other  hand  a parallel  polarized  light 
undergoes  a finite  phase  shift  upon  reflection,  which 
depends  on  the  angle  of  incidence,  and  becomes  180  degrees 
only  at  grazing  incidence  angle.  The  result  of  the  parallel 
polarized  light  is  an  elliptical  standing  wave  with  a finite 
electric  field  vector  normal  to  the  metal  surface.  The 
change  of  the  reflectivity,  at  the  vicinity  of  an  absorption 
band,  and  the  phase  shift  of  the  polarized  light  indicate 
that  the  sensitivity,  for  a 5 angstrom  thick  film,  will  be 
highest  at  high  angles  of  incidence,  85-88  degrees  from  the 
normal.  From  theoretical  prediction  on  the  sensitivity  of 
the  spectrum  to  the  polarization  of  the  light  the  need  for  a 
polarizer  to  enhance  the  sensitivity  of  the  instrument  is 
immediately  clear. 
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The  next  thing  tc  consider  is  the  number  of  reflections 
that  should  be  used  in  crder  to  obtain  a spectrum. 
Intuitivly  there  must  be  an  optimum  number  since  each 
reflection  will  add  information  to  the  travelling  wave  but 
at  the  same  time  will  reduce  the  overall  radiation.  Thus 
after  many  reflections,  even  though  there  is  more 
information  in  the  wave,  the  signal  to  noise  ratio  will  be 
too  low  to  allow  a significant  spectrum  to  be  recorded.  In 
modern  infrared  spectrometers  the  detector  noise  is 
independent  of  the  signal  level  and  is  usually  the  limiting 
factor  (30) . When  considering  single  vs.  multiple 
reflections  it  is  necessary  to  take  into  consideration  the 
relatively  simple  arrangement  required  for  single 
reflection,  and  the  possibility  to  use  other  surface 
analysis  techniques,  all  at  the  same  -‘•.ime.  The 
instrumentation  becomes  more  complicated  for  multiple 
reflections  and  simultaneous  probing  of  the  surface  with 
other  techniques  is  not  possible.  Calculations  (29)  showed 
that  the  deviation  by  a factor  of  2 from  the  optimum  number 
of  reflections  can  reduce  the  reflectance  by  20-30*  . An 
equation  and  graphic  definition  of  reflectance  are  given  in 
Figure  2b.  In  general  when  using  good  reflectors,  silver, 
gold,  copper  etc.  , the  optimum  number  of  reflections  is 
higher  than  when  poor  reflectors  are  used.  This  depends  on 
the  initial  reflectivity  of  the  metals  which  in  turn  is  a 
function  of  the  optical  constants  of  the  metal  substrate, 
the  angle  of  incidence,  and  the  wavelength  of  the  light. 
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This  suggests  that  when  using  poor  reflectors  more  than  70% 
of  the  available  sensitivity  can  be  achieved  with  only  1-2 
reflections  (30,31). 

There  are  additional  problems  to  be  solved  in  the  use 
and  design  of  reflection  instrumentation.  Since  almost  all 
infrared  spectrometers  use  thermal  sources  the  resulting 
divergence  cr  the  sanple  and  the  reference  beams  is  a fact. 
This  causes  the  light  to  fall  on  the  sample,  not  at  one 
particular  angle  of  incidence  but  over  a space  angle  of 
10-15  degrees;  thus,  not  all  the  components  of  the  beam 
travel  the  same  number  of  reflections.  There  is  a problem 
of  losing  part  of  the  light  due  to  rays  "walking"  off  the 
edges  of  the  mirrors  (29) . There  is  a limit  on  how  close 
the  mirrors  can  be  brought  together  in  order  to  provide  the 
high  number  of  reflections  that  is  sometimes  needed,  since 
the  image  of  their  exit  must  fill  the  monochromator  slits  if 
all  the  energy  available  is  to  be  used. 

A major  problem  in  the  interpretation  of  the  spectra 
derives  from  the  changes  in  optical  constants  in  the 
vicinity  of  absorption  bands.  In  transmission  spectra  the 
absorption  depends  only  on  the  extinction  coefficient,  but 
reflection  spectra  also  depend  on  the  refractive  index.  The 
combination  of  the  two  constants  at  an  absorption  band 
causes  an  asymetery  of  the  bands.  This  can  combine  with  a 
possible  shift  in  the  position  of  the  bands  with  respect  to 
transmission  spectra,  to  cause  problems  in  the 
interpretation  of  reflection  spectra. 
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Infrared  reflection  spectroscopy  has  proved  to  be  a 
useful  and  sensitive  technique  for  surface  analysis,  in 
spite  of  the  problems  mentioned  above.  The  use  of  infrared 
reflection  spectroscopy  is  expected  to  grow  in  the  near 
future  mainly  due  to  the  recent  availability  of  theoretical 
formulation  ana  numerical  solutions  (27-32).  These  can  help 
in  predicting  and  choosing  the  best  working  conditions. 
Existing  results  show  the  sensitivity  of  infrared  reflection 
spectroscopy  to  be,  when  used  properly,  20-30  times  greater 
than  the  sensitivity  cf  transmission  spectroscopy  (32-34) . 


1.3.  Lead  - Applications  and  Research 

Lead  is  one  of  the  most  important  metals  to  our  society. 
It  dots  not  have  the  glamour  of  the  coin  metals  or  the  hi^h 
demand  and  use  of  the  construction  metals,  but  where  it  is 
used  it  serves  well,  and  in  many  cases  it  is  impossible  to 
replace  it  with  other  metals  or  materials.  Among  its  most 
popular  applications  are:  lead-acid  batteries,  additives  to 
fuels  (its  consumption  for  this  application  is  going  down 
due  to  lead  toxicity  and  lead  pollution  of  the  atmosphere), 
lead  covered  cables  for  electrical  use,  equipment  for 
production,  transportation,  and  storage  of  corrosive 
ohemicals,  corrosion  resistence,  solders,  plumbing, 
architecture  - ornamentation  and  vibration  isolation, 
radiation  protection,  ammunition,  and  paints  (36). 

Lead  use  in  batteries  is  by  far  the  most  consuming 
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application  of  lead.  This  Bases  the  understanding  of  lead 
electrochemistry  and  surface  reactions  an  important  field  of 
study.  Research  on  lead  compounds  o*  interest  in 
electrochemistry  and  corrosion  prevention  aeals  with  the 
investigation  of  their  crystalline  structure  (37-39), 
infrared  ana  Raman  spectra  (40-42),  kinetics  of  formation 
(43-46),  thermodynamic  stability  (7),  electrochemistry 
(47-53),  photodecom position  (54)  and  ion  selectivity  in 
diffusion  thru  corrosion  layers  (55)  . 
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Figure  1.  Simplified  Pourbaix  diagram  of  the  system  Lead- 
Water.  M.  Pourbaix,  Atlas  of  Electrochemical 
Equilibria,  Pergamon,  N.Y  (1966). 
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2.  EXPERIMENTAL 

One  of  the  first  problems  this  study  encountered,  from 
the  experimental  point  of  view,  was  to  determine  under  what 
conditions  the  lead  electrochemical  exposures  should  be 
pe  rf or med: 

a)  Environment  - chemical  environments  that  are  of 
importance  in  the  real  world  use  of  lead. 

b)  pH. 

c)  Potential. 

The  first  two  points  are  connected  and  somewhat 
interrelated,  by  choosing  a chemical  environment  a pH  range 
for  experiments  is  fixed,  but  they  definitely  present  two 
different  aspects  of  the  problem.  The  approach  was  to  use 
common  buffer  systems  in  the  neutral  and  basic  regions  of 
the  pH  scale  and  strong  acid,  not  a buffering  system,  but 
the  pH  was  not  expected  to  change  by  more  than  one  pH  unit, 
at  the  acidic  side  of  the  pH  scale.  In  this  way  when  the 
effect  of  chlorides  cn  the  system  was  investigated  compared 
to  a system  that  did  not  have  any  chlorides,  the  same 
buttering  system  was  used  with  an  added  amount  of  chloride 
ions.  Table  I lists  all  the  buffer  systems  and  solutions 
that  were  used  during  the  research. 

The  determination  of  the  potential  values  for  each 
environment- pH  was  approached  from: 

a)  Pourbaix  diagrams  - theoretical  and  thermodynamic 

considerations. 

b)  Polarization  curves  - experimental  and  kinetic 
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considerations . 

In  this  way  both  the  thermodynamic  and  the  kinetic  aspects 
were  considered  for  the  determination  of  experimental 
conditions  of  interest. 


2. 1.  Sample  Holder 

There  are  some  unique  features  characterizing  a sample, 
and  thus  axso  the  sample  holder  to  be  used  in  the 
electrochemical  exposures,  intended  for  infrared  reflection 
measurements.  These  are: 

a)  Size:  The  sample  has  to  be  fairly  large,  2.8  X 5.7 
cm.  This  is  the  size  of  the  larger  sample  that  can  be  used 
with  the  Wilks  Model  9 reflection  attachments  used  in  this 
investigation.  The  smaller  sample  size  that  can  be  used  with 
these  attachments,  but  which  was  not  used  in  this  research, 
is  2.8  X 4.3  cm. 

b)  Flatness:  The  goal  of  this  research  was  to  work  with 
specular  and  not  diffuse  reflectance.  Therefore,  the  sample 
must  be  flat  so  that  upon  reflection  it  will  be  possible  to 
direct  a good  portion  of  the  light,  with  the  mirrors, 
towards  the  monochromator  compartment. 

c)  Safe  removal:  The  sample  has  to  be  taken  from  the 
sample  holder  after  the  electrochemical  exposure,  in  order 
to  measure  the  infrared  reflection  spectrum  of  the  surface 
species.  Thus,  a safe  removal  of  the  sample  from  the  sample 
holder  without  altering  the  film  is  required. 
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d)  Material:  The  sample  holder  material  must  be  inert  to 
all  chemical  environments  used  during  the  electrochemical 
exposures.  It  should  not  form  a galvanic  couple  with  the 
sample  on  contact  in  solution.  The  material  should  also  be 
strong  enough  to  be  pressed  against  the  edges  of  the  sample 
to  prevent  leakage. 

Many  sampLe  holders  for  electrochemical  exposures  have 
been  described  in  the  past  (56-62) , but  none  could  fulfill 
the  reguirments  mentioned  in  points  a to  c.  Thus,  a sample 
Holder  tor  this  research  had  to  be  developed.  It  was  made  of 
TEFLON;  Figures  3-6  show  the  various  parts  of  the  sample 
holder  and  any  necessary  information  for  construction. 
Other  requirements  in  the  development  of  a standard  type 
sample  holder  would  be:  standard  necks  for  all  sample 
holders,  different  heads  for  different  sample  sizes,  and 
special  attachments  between  heads  and  necks  as  in  the  case 
of  the  tilt  angle  required  for  Raman  measurements. 


2.2.  Electrochemical  Exposures 

An  electrochemical  cell.  Figure  7,  was  filled  with  1 
liter  of  the  appropriate  buffer  solution  and  4 of  the  necks 
were  sealed  with  rubber  steppers.  The  fifth  neck  was  used 
for  the  gas  dispersion  unit,  purging  dry  nitrogen  into  the 
solution  in  order  to  minimize  the  amount  of  dissolved  carbon 
dioxide,  and  thus  caroonate  ions  which  tend  to  form  very 
stable,  insoluble  lead  carbonates.  The  solution  was  purged 


25 


for  1.5-2  hours.  A tew  experinents  were  performed  in  which 
degassing  of  the  solution  before  the  nitrogen  purging  step 
was  done,  this  was  carried  out  by  putting  a beaker  with  the 
solution  inside  a vacuum  desicator  and  pumping  it  to  a low 
vacuum  for  5-10  minutes.  This  step  was  found  unnecessary 
and  was  abandoned. 

The  lead  was  greater  than  99%  pure  as  purchased  from 
Alfa  Products  in  the  form  of  a 1.6  mm  thick  sheet. 

While  purging  took  place,  a lead  sample  was  cut  to  size, 
2.8  X 5.7  cm,  and  was  immersed  in  a hot,  almost  boiling, 
concentrated  solution  of  ammonium  acetate.  This  is  a known 
method  (1)  for  the  chemical  cleaning  of  lead  surfaces  due  to 
the  formation  of  the  very  soluble  lead  acetate.  The  sample 
was  left  in  the  cleaning  solution  for  10-15  minutes. 

Some  efforts  to  improve  the  surface  preparation  by  using 
conventional  metallurgical  methods  such  as  grinding  ajid 
polishing  were  tried.  Lead  is  a very  soft  metal  so  ^11 
these  efforts  did  not  seem  to  improve  the  surfadd 
preparation  but  only  introduced  impurities  to  the  suffa.ce 
layer;  thus,  they  were  abandoned.  Electron  micrographs 
which  emphasize  this  point  will  be  discussed  in  the  next 
chapter. 

Toward  the  end  of  the  nitrogen  purging,  the 
electrochemical  cell  was  prepared  for  the  exposure  by 
introducing  the  thermometer  and  auxilliary  electrode 
platinum  mesh  - and  by  connecting  the  Luggin  probe,  via 
tubing  filled  with  the  solution,  to  the  calomel  electrode 
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cell  in  a 100  ml  beaker.  The  purpose  of  the  tubing 
connection  was  to  hinder  the  diffusion  of  chloride  ions  froa 
the  calonel  electrode  cell  into  the  main  cell.  Cell 
construction,  parts  and  electrochemical  procedures  are  quite 
standard  and  can  be  found  in  the  literature  (63) . When 
sample  cleaning  was  completed  the  sample  was  rinsed  with 
distilled  water,  dried  with  K1BWIPES  and  placed  in  the 
sample  holder.  The  sample  had  a metallic  shine  when  placed 
into  the  electrochemical  cell.  The  Luggin  probe  was  placed 
1-2  mm  from  the  sample  surface,  and  the  solution  was  stirred 
constantly  with  a magnetic  stirrer  to  prevent  the  formation 
of  a Helmholz  layer,  which  might  introduce  resistance 
errors.  At  this  pcint  the  potentiostat  was  turned  on  and 
the  sample  exposure  began. 

The  WL-1  potentiostat  is  an  inhouse  device  that  displays 
the  characteristics  of  potentiostats  described  in  the 
literature  (5,63) , i.e,  it  is  a voltage  feedback  circuit 
that  utilizes  negative  feedback.  Pigures  8 and  9 show  the 
details  of  the  potentiostat  and  the  current  to  voltage 
conversion  circuits,  respectively.  The  main  difference  from 
commercial  instruments  is  the  addition  of  the  Kepco  Inc. 
bipolar  operational  power  supply/amplifier  model  BOP  36-1.5 
that  can  supply  high  currents,  when  needed,  up  to  1.5 
amperes. 

Tables  11,  111  and  IV  list  the  electrochemical  exposures 
that  were  performed  during  this  research  and  the  conditions 
under  which  they  were  performed. 
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2.3.  Infrared  Reflection  Spectroscopy 

A Perkin-Elmer  521  grating  infrared  spectrometer  with 
Wilks  model  9S  and  9D  reflection  attachments  and  a Beckman 
42-POL  grating  polarizer  were  used  to  measure  the  infrared 
reflection  spectra.  A block  diagram  of  the  spectrometer 
with  the  reflection  attachments,  polarizer  position  and  the 
light  paths  is  given  in  Figure  10.  The  spectrometer  was 
prepared  for  recording  the  spectra  by  carefully  balancing 
the  beams,  then  the  reference  beam  was  adjusted  for  maximum 
reflectivity  by  working  the  spectrometer  in  a single  beam 
mode  and  adjusting  the  mirrors  in  the  model  9D  attachment, 
with  two  aluminum  mirrors  as  samples.  When  this  step  was 
satisfied  the  polarizer  was  mounted  just  before  the  main 
slits. 

When  the  exposure  was  completed  the  sample  was  rinsed 
vita  distilled  water  and  immediately  mounted  in  the  Wilks 
model  9S  reflection  attachment,  against  an  aluminum  mirror, 
then  the  attachment  was  placed  in  the  spectrometer  light 
path  and  adjustments  for  number  of  reflections  and  angle  of 
incidence  were  performed  by  moving  the  M2  and  M5  mirrors 
with  the  matching  adjustments  at  M2*  and  M5' . A preliminary 
spectrum  was  recorded,  and  from  it  the  adjustments  in 
polarizing  angle,  angle  of  incidence  and  number  of 
reflections  for  maximum  sensitivity  were  determined.  The 
angle  of  incidence  was  usually  65-70  degrees  and  2-5 
reflections  were  usually  used.  Polarizer  settings  were 
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determined  by  adjusting  the  polarizing  angle  while  the 
instrument  wavelength  was  centered  on  one  of  the  absorption 
bands.  Once  best  conditions  were  determined,  the  spectrum 
was  recorded  from  1800  to  250  wavenumbers  at  a speed  of  25 
wavenumbers/minute,  suppression  - 6,  gain  - 5-6,  normal  slit 
program  - 1000  (double  slit  widths  were  also  tried  in 

recording  soma  spectra  ) , attenuator  speed  of  1100,  source 
current  of  0.8  amperes,  scale  expansion  IX  (other  expansions 
were  also  tried) . The  spectrometer  was  continously  purged 
with  nitrogen  to  minimize  the  amount  of  carbon  dioxide  and 
water  vapor  present.  Carbon  dioxide  and  water  vapor  can 
cause  problems,  especially  if  the  instrument  is  not 
perfectly  balanced.  Their  spectra  will  add  to  or  mask  the 
spectra  recorded.  This  problem  was  especially  important  in 
this  research  since  most  of  the  oxides  absorb  in  the  long 
wavelength  region,  below  600  cm~»,  where  there  is  strong 

absorption  by  water  vapor. 

Spectra  were  recorded  under  identical  conditions  for  two 
extremes  of  light  polarization. 


2.4.  Polarization  Curves 

Electrochemical  polarization  curves  were  run  in  order  to 
determine  experimental  conditions  of  interest  that  are 
related  to  kinetics.  A block  diagram  of  the  setup  for 
recording  the  polarization  curves  is  given  in  Figure  11. 
The  polarization  curves  were  run  from  ♦I  V SCE  (1.24  V NHE) 
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to  -1  V SCE  (-.76  V NHE)  and  back  to  +1  V SCE  (1.24  V NHE)  . 
In  this  way  there  was  a reduction  cycle  first  so  when  the 
oxidation  cycle  began  the  lead  surface  was  clean  with  no 
surface  species  on  it  to  alter  the  oxidation  process.  The 
current  scale  was  linear.  Sample  preparation  and  cell 
configuration  were  identical  to  those  used  in  potentiostatic 
exposures  for  infrared  reflection  measurements. 

An  Elscint  potential  scan  generator,  model  ABA-26,  was 
used  to  scan  the  potential.  The  scan  rate  was  40  nv/minute. 
Results  were  plotted  cn  an  MFE  815  Plotmatic  X-Y  recorder. 

At  least  one  pclarization  curve  was  run  for  each 
buffering  system  or  solution  that  was  used  during  this 
research . 


2.5.  Scanning  Electron  Microscopy 

The  samples  were  cut  so  they  could  fit  into  the  SEM 
sample  chamber  - about  6 X 6 mm  - then  they  were  placed  on  a 
mounting  block  glued  with  silver  paint  and  were  left  to  dry 
in  air  for  several  hours. 

The  SEM  work  was  done  on  a Hitachi  Scanscope  SSM-2,  the 
camera  was  a Tektronix  osciloscope  camera  C-27  with  fl.4  to 
f16  optics  and  1:1  magnification.  Polaroid  film  #665 
(positive  - negative)  with  an  ASA  rating  of  75  was  used  for 
all  pictures  with  an  aperture  setting  of  f16  and  photometer 
reading  75-85. 

Magnifications  were  between  200X  and  2000X.  Very  few 
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samples  needed  coating,  and  those  that  did  were  coated  with 
60-40  gold  - palladium  8 mil  wire. 

A few  samples  were  examined  on  an  AMR  1000  SEM  equipped 
with  an  EDAX  707A  X-ray  energy  dispersive  analyzer. 


2.6.  X-ray  Diffraction 

X-ray  diffraction  patterns  of  analytical  reagents,  to 
determine  purity  and  for  reference  spectra,  and  of  passive 
film  samples  of  particular  interest  were  recorded.  The 
patterns  were  recorded  on  a General  Electric  11GJ1  X-ray 
unit  with  a copper  target  and  team  slit  of  3 degrees,  Soller 
slit  - medium,  filtration  - 2 Nickel,  time  constant  - 1 
second,  linear  scale,  and  2000  counts  per  second  full  scale. 


2.7.  Lead  Film  Thickness  Measurements 

In  order  to  find  the  detection  limit  cf  the  infrared 
reflection  measurements  with  respect  to  the  film  thickness 
the  thickness  had  to  be  measured.  Several  methods  for 
measuring  film  thickness  are  h.nown,  two  were  available  for 
this  research  - interference  microscopy,  and  a Taylstep-1 
stylus-type  instrument  - both  require  a sharp  step  in  the 
film  in  order  to  measure  its  thickness.  It  was  expected 
that  an  electrochemical  exposure  of  a regular  lead  sample 
would  not  ’eave  a sharp  step,  even  if  part  of  the  sample  was 
to  be  ma^xed;  thus,  another  approach  was  taken.  Lead  was 
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vapor  deposited  on  gold  on  a microscope  slide,  and  a sharp 
step  was  created  by  masking  part  of  the  gold  with  another 
slide.  This  step  was  measured  for  thickness  by  a 
Taylor-Hobson  Taylstep-1,  this  is  a commercial  stylus-type 
profile  instrument  with  a maximum  vertical  resolution  of 
better  than  10  angstroms.  Figure  12  shows  the  film 
deposited  on  glass  and  a simplified  diagram  of  the  stylus 
type  instrument  and  its  output.  The  sample  was  exposed  by 
making  an  electrical  connection  to  the  top  front  side  of  the 
microscope  slide,  where  the  film  was  deposited,  and 
immersing  the  slide  in  solution  leaving  the  connection  out 
in  the  air  to  avoid  ary  interference  from  galvanic  coupling. 
After  electrochemical  exposure  the  sample  was  cut  to  size 
with  a diamond  cutter,  and  the  infrared  reflection  spectrum 
was  recorded.  The  film  thickness  was  corrected  for  the 
density  change  from  lead  to  the  appropriate  compound.  Table 
V gives  the  lead  exposures  that  were  done  in  this  way. 


2.8.  Iron  Exposures 

2.8. 1 . A rmco  iron  : 

Armco  iron  samples,  of  the  same  size  as  the  lead 
samples,  were  ground  with  CARBIMET  - SiC  grinding  paper  - 
down  to  600  grit,  hand  grinding  was  found  to  be  the  most 
accurate,  and  then  down  to  0.3  micron  with  Buehler  alumina 
powder  on  a revolving  table.  The  alumina  polishing  was  done 
wet  using  distilled  water.  After  polishing  the  sample  was 
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carefully  rinsed  with  distilled  water  and  spectroscopic 
grade  methanol,  then  it  was  put  in  a vacuum  dosicator  to 
minimize  air  oxidation. 

Infrared  background  spectra  of  the  iron  samples  were 
recorded.  The  samples  were  then  exposed  in  air  for  0.5  to 
480  hours  at  230°c.  Spectra  were  recorded  using  unexposed 
iron  or  aluminum  in  the  reference  beam,  angle  of  incidence 
of  65-75  degrees  and  up  to  7 reflections.  Table  VI  lists 
the  iron  exposures  conducted. 

2.8.2.  Vapor  deposited  iron  samples: 

Microscope  slides  were  used  as  the  base  for  the  vapor 
deposition,  they  were  cut  to  size  and  cleaned  with 
detergent,  distilled  water  and  acetone  and  were  left  to  dry 
in  air. 

The  vapor  deposition  was  performed  with  a Hitachi  model 
HUS- 4GB  vacuum  evaporator.  A gold  layer  was  first  deposited 
on  top  of  the  glass.  Figure  12  shows  this  type  of  sample, 
with  lead  instead  of  iron.  This  type  of  sample  is  similiar 
to  that  used  by  Pcling  (19).  This  sample  configuration 
provides  a reflecting  surface  in  case  all  the  iron  is 
oxidized . 

After  the  gold  was  deposited,  part  of  the  sample  was 
masked  when  the  irOD  was  deposited.  In  tnat  way , when  the 
mask  was  lifted,  a step  the  thickness  of  the  deposited  layer 
was  there  ana  the  film  thickness  was  measured  using  a Karl 
Zeiss  interference  microscope.  The  samples  were  put  in  the 
same  oven  with  the  Armco  Iron  samples. 
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Spectra  were  recorded  using  gold  deposited  on  a 
microscope  slide  in  the  reference  Learn  and  an  angle  of 


TABLE  I 


Electrolyte  Solutions  Used  in  This  Research 


Solution 

PH 

ELECTROLYTE  COBPOSITION 

a 

4.01 

0.05K  KHCq04H4 

b 

6.87 

0.025M  KH2P04  ♦ 0.025M  Na2HE04 

c 

10.00 

50  ml  0.05M  NaHC03  ♦ 10.7  ml  0. Id  NaOH 

d 

7.00 

50  ml  0 . 1 M KH2P04  ♦ 29.1  ml  0.1K  NaOH 

e 

7.00 

d 0. 1 M KC1 

f 

10.00 

c ♦ 0. 1 M KCl 

g 

1.1 

0 . 1 M HC  1 

h 

0.9 

0.1M  H2S04 

i 

5.75 

0 . 1 M K2S04 

j 

7.00 

d + 0 . 1 M f<2S04 

k 

10.00 

C + 0.1(1  K SO 

2 4 

1 

11.1 

KOH  4 0 . 1 M K SO 

2 4 

Remark:  All  the  chemicals  were  reagent  grade. 
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TABLE  II 

Lead  Electrochemical  Exposures  in  Phosphate  and  Carbonate 
Buffers  * 


No. 

E NHE 

PH 

Exposure 

Temp. 

C X-ray  SEM 

volts 

Time  hrs. 

Diffraction 

1 

. 28 

4.0 

1.5 

2 

16 

6.87 

1.5 

23 

3 

16 

6.93 

4.5 

25 

4 

- .76 

7.0 

2.0 

19 

5 

-.64 

7.0 

2.0 

18 

6 

-.  42 

7.0 

2.5 

7 

-.  16 

7.0 

16 

8 

. 48 

7.0 

21 

9 

.67 

7.0 

2.0 

18 

• 

10 

.99 

7.0 

1. 0-2.0 

19 

yes  yes 

11 

1.  08 

7.0 

3.5 

20 

12 

-.42 

9.7 

17 

21 

yes  yes 

13 

-.  42 

9.7 

17 

24 

14 

-.56 

10.0 

2.75 

18 

15 

-.42 

10.  0 

4.5 

25 

1b 

-.42 

10.0 

17.75 

24 

yes 

17 

-.  42 

10.  0 

24 

25 

18 

-.37 

10.0 

2.5 

20 

19 

-.28 

10.0 

4.0 

18 

yes 

20 

.02 

10.0 

23 

25 

yes 

21 

. 04 

10.0 

1.5 

22 

.24 

10.0 

1.5 

23 

yes 
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No . 

E NHE 

PH 

Exposure 

Temp. 

C X-ray  SEH 

volts 

Time  hrs. 

Diffraction 

23 

.24 

10.  0 

5.5 

22 

24 

.24 

10.0 

18.5 

23 

25 

.51 

10.0 

6.0 

22 

yes 

26 

.75 

10.0 

2.  25 

19 

yes 

27 

. 75 

10.0 

5.5 

22 

28 

.83 

10.0 

1.0 

19 

yes 

29 

.83 

10.0 

3.25 

18 

yes 

30 

.89 

10.0 

17.25 

20 

yes 

31 

1. 08 

10.0 

14.5 

24 

yes 

- Solutions  b,c,d  in  Table  I.  An  exposure  in  solution  a is 
also  included  in  this  table,  even  though  it  does  not  contain 


carbonates  or  phosphates 


Lead  Electrochemical  Exposures  in  Solutions  Containing  0.1M 
Chloride  Ions  * 


No. 

E NHE 
volts 

pH 

Exposure 
Time  hrs. 

Temp. 

C X-ray 

Diffraction 

SEH 

1 

1.  18 

1.  1 

1.0 

22 

2 

-.42 

7.0 

25 

24 

3 

-.  11 

7.0 

16.25 

24 

yes 

4 

-.  11 

7.0 

17 

23 

5** 

-.01 

7.0 

2.5 

20 

yes 

6** 

-.01 

7.0 

3.0 

21 

yes 

7*** 

-.01 

7.  0 

• 18.45 

20 

yes 

yes 

B 

. 49 

7.0 

21 

9 

. 49 

7.0 

22.  5 

20 

10 

1. 08 

7.0 

3.0 

24 

yes 

11 

-.42 

10.0 

2.0 

20 

12 

-.42 

10.0 

17.  5 

23 

13 

-.24 

10.0 

2.0 

19 

yes 

14 

.49 

10.0 

3.25 

20 

15 

.49 

10.0 

20.0 

20 

16 

1.08 

10.0 

4.5 

22 

* - 

Solutions 

e,f , g 

in  Table  I. 

**  - 0.01M  chloride  icns. 

***  - 0.5M  chloride  icns. 
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TABLE  IV 

Lead  Electrochemical  Exposures  in  Solutions  Containing  0.1M 
Sulfate  Ions  * 


No . 

E NHE 
volts 

pH 

Exposure 
Time  hrs. 

Temp.  C 

SEM 

1 

. 48 

0.3 

2.0 

26 

yes 

2 

-.40 

0.9 

2.0 

21 

yes 

3 

-.40 

0.9 

17.0 

23 

4 

- .23 

0.  9 

2.5 

23 

5 

-.02 

0.  9 

16.25 

21 

6 

-.02 

0.9 

3.0 

21 

7 

. 80 

0.9 

.5-1 .5-2.5 

21 

8 

. 80 

0.9 

3.5 

20 

yes 

9 

.60 

0.9 

7.0 

20 

yes 

10 

. 80 

0.9 

16.0 

21 

yes 

11 

. 80 

0.9 

20.5 

20 

12 

-.62 

5.75 

3.0 

24 

13 

. 24 

5.75 

1.75 

20 

14 

1.08 

5.75 

3.5 

24 

15 

.24 

7.0 

16.75 

16 

.24 

10.0 

16.75 

22 

yes 

17 

.24 

10.9 

0.05 

24 

18 

. 24 

10.9 

0.5 

24 

19 

-.67 

11.  1 

3.75. 

19 

yes 

20 

.64 

11.1 

3.25 

18 

yes 

21 

. 96 

11.1 

3.25 

21 

yes 

22 

.24 

11.2 

2.5 

24 
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No. 

E NHE 
volts 

pH 

Exposure 
Time  hrs. 

Temp.  C 

SEM 

23 

.24 

11.2 

m 

• 

rrs 

26 

24 

.24 

11.2 

2.75 

19 

* - 


Solutions  h, i, 3, k ,1  in  Table  I 


TABLE  V 


Lead  Electrochemical  Exposures  for  Passive  Film 
Thickness  Measurements. 


No. 

E NHE 
volts 

PH 

Exposure 
Time  hrs. 

Temp.  C 

Description 

1 

. 80 

0.  9 

0.5 

21 

0.06  micron 

lead 

2 

.80 

0.9 

0.25 

20 

0.05  micron 

lead 

3 

. 80 

0.9 

2.0 

21 

0.34  micron 

lead 

fiemark:  The  lead  was  vapor  deposited  on  top  of  gold  on  a 


microscope  slide 


TABLE  VI 


High  Temperature  Iron  Exposures 


Type 

Exposure 
Time  hrs. 

Temp . 

Armco 

iron 

405 

230 

Ar  ico 

iron 

405 

230 

Armco 

iron 

288 

230 

Armco 

iron 

0.5 

230 

V a po  r 

deposited  iron 

480 

230 

Vapor 

deposited  iron 

480 

230 

Armco 

iron 

50 

250 

f*ieure  5.  Base  of  sample  holder  ’head".  Material:  TEFLON. 


Figure  8.  WL-1  potentiostat , main  circuit. 


Figure  11.  Block  diagram  of  the  setup  for  recording 
polarization  curves. 
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3.  FESULTS  AND  DISCUSSION 

As  discussed  in  the  experimental  section  both  the 
Pourbaix  diagrams  and  polarization  curves  were  used  to 
determine  experimental  conditions  of  interest. 
Electrochemical  polarization  curves  were  run  on  lead  in  each 
environment  of  interest;  this  was  necessary  since  no  data 
was  available  for  the  exact  solutions,  pH  conditions  and 
lead  quality  used  in  this  research.  At  the  same  time,  a 
cueck  was  made  to  certain  that  the  Pourbaix  diagrams 
available  on  the  systems  lead-water  (7) , lead-water-chloride 
(b  4 ) and  lead- water -sulfate  (48)  contained  the  latest 
available  thermodynamic  data.  Even  though  recent 
thermodynamic  data  available  (65)  does  not  differ  by  much 
from  those  used  in  calculating  the  Pourbaix  diagrams 
(7,  48,64),  it  is  1C-25  years  more  recent  and  thus  more 
reliable.  As  will  te  seen  later  even  small  differences  in 
data  can  lead  to  seme  major  changes  in  the  diagrams  since 
the  data  is  translated  into  line  slopes.  Recalculations  of 
the  Pourbaix  diagrams  for  the  systems  lead-water, 
lead-water-chloride  and  lead-water-sulf ate  are  given  in 
appendices  I-III  respectively. 


3.1.  Lead-Water 

The  original,  simplified  Pourbaix  diagram  of  this  system 
(7),  Figure  13,  has  the  regions  of  lead  metal  - Pb,  plumbous 
ion  - Pb*+ , lead  monoxide  - PbO  - the  stable  monoxide  was 
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calculated  to  be  the 
Pb30it  and  lead  dioxid 
using  newer  data, 
tetragonal  lead  ion 
potentials  - compar 
Pb^O^  region.  Part  o 

sesguioxide  - Pb  0 

2 3 

boundary  was  moved 
new  diagram  has  the 
basic  regions  of  P 
PbO^  in  the  highest  p 
Unlike  most  of 
tnermody namically  st 
range,  marked  by  line 
Figures  15-16  sho 
for  pH=7  and  pH=10  so 
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tetragonal  form,  plumbo-plumbic  oxide  - 
e - Pbo^  . Recalculation  of  the  diagram 
appendix  I,  shows,  figure  14,  that  the 
cxide  region  extends  towards  higher 
ed  to  Figure  13  - thus  squeezing  the 
f the  Pb3Q4  region  was  replaced  by  lead 
, and  the  lead  dioxide  lower  potential 
into  what  used  to  be  Pb^c^  region.  The 
cretical  transitions  in  the  neutral  and 
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the  nonprecious  metals,  lead  is 
able  within  part  of  the  water  stability 
s a and  b in  Figures  13  and  14. 
v the  polarization  curves  that  were  run 
Jutions  respectively.  in  the  oxidation 
zation  curve  at  pH=7  solution  there  are 
. The  lower  wave  corresponds, 
he  Pb/PbO  transition  in  the  Pourbaix 
er  wave  to  the  lower  potential  boundary 
region.  Immediate  correlation  between 
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due  to  the  buffer  solution,  phosphate, 
feet  even  though  the  potential  scan  was 
minute.  Position  and  shape  of  waves  in 
depend  upon:  sweep  rate,  electrode 
composition  and  concentration  of 
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reactants  (5).  There  are  five  distinct  waves  in  the 
oxidation  cycle  of  the  polarization  curve  in  the  pH=10 
bicarbonate  solution.  The  one  at  the  lowest  potential 
corresponds  to  the  Pb/PbO  transition,  and  the  wave  at 
.64  V SCE  (.88  V N HE)  corresponds  to  the  lower  potential 
boundary  of  the  lead  dioxide  region  in  the  Pourtaix  diagram. 
The  wave  that  runs  off  scale  above  the  lead  dioxide 
transition  wave  corresponds  to  the  oxygen  evolution  line. 
From  looking  at  the  Pcurbaix  diagrams.  Figures  13  and  14,  it 
is  clear  why  tnis  line  appears  in  the  pH=10  solution  and  not 
m the  pH  = 7 solution.  The  small  waves  between  the  Pb/PbO 
transition  wave  and  the  lead  dioxide  formation  wave  can 
correspond  to  intermediate  lead  oxides,  like  PbgC^,  and/or 
are  due  to  the  buffer,  which  is  known  to  form  a very  stable 
lead  compound  - lead  carbonate  hydroxide  (LCH)  . 

In  the  lead  - water  system,  experiments  were  performed 
in  the  neutral  and  basic  regions  of  the  pH  scale.  One 
experiment  though,  number  1 in  table  II,  was  performed  in 
the  acidic  region  and  should  have  given  plumbous  ions.  The 
current  started  fairly  high,  6.3  ma/cm^,  but  did  not 
maintain  that  level  for  long,  as  would  be  expected  in  the 
case  of  corrosion.  It  went  down  to  0.3  ma/cm*,  which  is 
still  quite  high,  thus  indicating  that  whatever  formed  on 
the  surface  was  not  highly  protective.  The  infrared 
reflection  spectrum  cf  the  sample.  Figure  17a,  was  obtained 
and  some  interesting  features  can  be  noted: 

1)  The  spectrum.  Figure  17a, 


is  similar  to  the 
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transmission  spectrum  of  the  buffer.  Figure  17c.  From 
the  sixteen  bands  that  appear  below  1000  cm-1  in  the 
transmission  spectrum,  fourteen  can  be  matched  with 
bands  in  the  reflection  spectrum,  these  bands  match 
exactly  or  were  shifted  5-10  wavenumbers  which  is  well 
within  the  expected  magnitude  of  shifts  due  to 
reflection.  The  two  bands  that  are  missing  are  at  680 
cm-1  - probably  not  resolved  from  the  690  cm-1  band  - 
and  at  405  cm-*.  Two  extra  bands  appeared  at  530  and  at 
365  cm-1  and  are  probably  due  to  orthorhombic  (yellow) 
PbO,  these  bands  are  not  as  sharp  as  the  "organic" 
bands. 

2)  The  effect  of  polarizing  the  light  perpendicular  to 
the  incident  wave  gave  a spectrum  orders  of  magnitude 
less  sensitive  than  polarizing  the  light  parallel  to  the 
incident  wave.  (See  figures  17b  and  17a  respectively). 

3)  The  difference  in  band  shape  above  1000  cm-*  between 
Figures  17a  and  17c  - broad  vs.  sharp  - makes  it 
difficult  to  say  if  any  of  the  bands  in  that  region  are 
missing  in  the  reflection  spectrum  obtained  from  the 
lead  sample  or  if  seme  of  the  bands  just  combined  to 
form  broad  bands  which  were  not  resolved  properly. 
Since  we  are  dealing  with  polyatomic  molecules  it  is 
likely  that  some  of  the  vibrations  are  parallel  to  the 
sample  surface  and  thus  cannot  be  excited  by  the 
parallel  polarized  light,  which  can  excite  only  those 
vibrations  that  have  some  component  normal  to  the  metal 
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surface . 

3.1.1.  Immunity  Region 

Experiments  performed  in  the  immunity  region  of  the 
Pourbaix  diagram,  in  phosphate  buffer,  pH  = "7,  confirmed  that 
lead  does  not  go  through  an  oxidation  reaction  under  these 
conditions.  Under  all  potential  conditions  below 
-.42  V NHE,  there  was  a reduction  current,  reducing  whatever 
species  there  were  cn  the  surface  when  the  reaction  began. 
The  lead  samples  stayed  metallic  shiny  in  tne  solution 
throughout  all  the  exposures.  Figure  18a  shows  an  infrared 
reflection  spectrum  of  a lead  sample  exposed  at  -.76  V NHE. 
Tms  sample  was  not  washed  with  distilled  water  after  being 
removed  from  solution  but  was  left  to  dry  in  air.  Upon 
drying  its  color  changed  to  light  brown  with  some  streaks  of 
interference  colors  - mostly  blue.  All  the  bands  that 
appear  in  the  spectrum  can  be  attributed  to  lead  phosphate 
(b6) . Another  sample  that  was  exposed  for  the  same  length 
of  time  under  almost  the  same  potential  conditions, 
-.o4  V NHE,  was  washed  with  distilled  water  upon  removal 
from  solution.  Its  reflection  spectrum,  Pigure  18b,  has 
some  LCH  at  1440,1400  and  840  cm-1  in  addition  to  all  the 
lead  phosphate  bands.  There  is  a possible  indication  of 
tetragonal  PbO  band  at  500  cr*.  It  can  be  concluded  that 
the  LCH  and  the  tetragonal  PbO  formed  as  a result  of  washing 
the  sample  with  distilled  water.  Since  lead  phosphate  is 
slightly  soluble  in  water  it  was  expected  that  a strong 
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rinse  of  the  sample,  for  a few  minutes,  would  take  care  of 
whatever  lead  phosphate  was  on  the  surface,  especially  if  it 
did  net  form  during  the  electrochemical  exposure  but  rather 
from  the  buffer  solution  that  stayed  on  the  sample  surface 
when  it  was  taken  out  of  the  cell.  In  both  cases,  rinse  and 
no  rinse,  the  lead  phosphate  bands  appeared  in  the  spectrum 
thus  suggesting  some  adsorption  process  in  which  phosphate 
molecules  adsorbed  to  the  surface  of  the  sample,  and  changed 
its  potential  slightly.  The  process  was  not  carried  far 
enough  to  be  seen  in  the  sign  of  the  current,  which  stayed 
as  a reducing  current  throughout  the  exposure.  Figure  18c 
shows  the  spectrum  recorded,  with  the  same  sample  that  gave 
the  spectrum  in  Figure  18a,  with  the  polarizer  aligned  to 
transmit  the  perpendicular,  to  the  incident  wave,  component 
of  the  light. 

Exposures  in  the  immunity  region  of  the  Pourbaix  diagram 
that  were  carried  out  in  a bicarbonate  buffer,  pH=10,  gave 
different  results.  The  current  was  reducing  only  during  the 
exposure  at  -.56  V NHE  in  which  the  sample  also  stayed 
metallic  shiny.  The  spectrum  obtained  upon  removal  from 
solution  indicated  tne  formation  of  orthorhombic  PbO  and 
LCH,  Figure  19a.  The  spectrum  was  confirmed  by  Raman 
spectroscopy  (67) . This  seems  to  contradict  the  results  of 
J.  Burbank  (45) , who  stated  that  orthorhombic  PbO  cannot 
form  above  a pH  value  of  9.4,  but  due  to  the  reducing 
current  observed  throughout  the  whole  exposure  it  is 
unlikely  that  the  oxidation  was  part  of  the  electrochemical 
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exposure.  Therefore  it  is  probably  due  to  air  oxidation  of 
the  sample  after  its  removal  from  the  reaction  cell.  Figure 
19b  shows  a transmission  spectrum,  in  KBr , of  ortnorhombic 
PbO . 

Exposures  from  -.42  V NHE  and  above,  up  to  the  Pb/PbO 
line,  gave  rise  to  oxidizing  currents.  During  a 20  hour 
exposure  the  current  density  went  down  to  the  very  low  value 
of  .003  ma/cm2,  thus  indicating  the  formation  of  a very 
protective  film.  The  color  of  these  sanples  was  white-gray. 
Infrared  spectra  of  samples  exposed  in  this  region  showed 
the  protective  film  to  be  LCH,  one  of  the  most  stable  and 
insoluble  compounds  of  lead.  The  identification  can  be  seen 
clearly  in  Figure  20  where  a transmission  spectrum  of  LCH 
powder  is  matched  against  a spectrum  obtained  from  a surface 
of  the  sample  using  the  reflection  mode.  The  four  strongest 
bands  are  matched,  and  even  though  there  are  shifts  in  the 
positions  of  the  1400  and  the  400  crl  bands,  up  to  60  cm-* 
in  the  former  case,  the  identification  is  positive.  The 
phenomenon  of  band  shifting  has  been  observed  before  (19) 
during  reflection  wcrfc;  it  can  be  explained  by  the 
additional  dependence  of  a reflection  spectrum  on  the 
refractive  index  and  angle  of  incidence.  More  precisely, 
these  shifts  result  from  the  inverse  dependence  of  the 
reflectance  on  the  refractive  index,  which  reaches  a minimum 
on  the  higher  frequency  side  of  the  absorption  band,  thus 
maicing  it  clear  why  the  bands  are  shifted  toward  higher 
wavenumbers.  Further  confirmation  in  identification  can  be 
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achieved  by  examining  a sample  that  was  exposed  for  a 
shorter  length  of  time  than  the  sample  that  gave  the 
spectrum  in  Figure  20a.  Figures  21a  and  21c  show  the 
spectra  recorded  frcm  a sample  covered  with  a thinner  LCH 
film;  toe  two  spectra  are  of  the  same  sample  at  two  extremes 
of  light  polarization.  Compared  to  Figure  21b,  which  is  of 
a thicker  film,  we  see  that  the  845  cm-1  band,  which  appears 
in  the  transmission  spectrum  but  is  absent  in  tne  thicker 
film,  appears  in  the  tninner  film  spectrum.  Figure  21a.  In 
the  same  line  the  680  and  the  690  cm-*  bands,  which  are 
resolved  in  the  transmission  spectrum.  Figure  20b,  and  in 
the  spectrum  obtained  from  the  thicker  film.  Figure  21b, 
appear  as  one  band  at  685  cm-*  in  the  thinner  film  spectrum. 
Figure  21a.  In  Figure  21a  there  is  a shoulder  at  510  cm-1, 
a band  at  465  cm-*  and  another  shoulder  at  405  cm-*.  In  the 
comparable  region  of  the  tnicker  film.  Figure  21b,  there  is 
only  slight  hint  of  a shoulder  at  500-510  cm-*,  a strong 
band  at  420  cm-*  and  a weak  band  at  365  cm-*.  The 
conclusion  from  comparison  in  this  region  is  that  the 
thinner  film  displays  a tetragonal  PbO  band,  465  cm-*,  while 
it  does  not  show  in  the  thicker  film  which  shows  only  LCH 
bands.  The  band  at  365  cm~*  is  probably  due  to  a transition 
between  a lattice  vibration  mode  and  a normal  mode  of 
vibration  of  the  system,  which  in  this  case  appears  at  420 
cm-*  and  can  be  assigned  to  the  metal-oxygen  stretching 
(68) . This  transition,  when  present,  appears  always  as  a 
weak  band  attached,  within  100  cm-*,  on  the  longer 
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wavelength  side,  to  one  of  the  fundamental  frequencies.  The 
comparison  between  the  samples  indicates  that  upon 
thickening  the  film  undergoes  changes  in  its  crystal 

structure,  thus  causing  miner  changes  in  its  infrared 

reflection  spectrum.  Figures  22 a and  22b  show  spectra  of 
LCd  recorded,  from  the  same  sample,  at  different  angles  of 
incidence.  Theory  (3  5)  shows: 
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that  the  reflectance,  R,  is  dependent  on  film  thickness,  d, 
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the  third  power  and  the  refractive  index  in  the  numerator 
but  only  to  the  first  power  - the  two  indices  are  of  the 
same  order  of  magnitude  in  the  wavelength  region  used  in 
this  research  (69) . Even  when  the  second  term  becomes  of 
some  importance  its  effect  on  the  change  of  the  angle  of 
incidence  as  a result  of  film  thickening  is  the  same  as  that 
of  the  first  term  since  it  has  a cosine  of  © in  the 
denominator. 


When  all  the  theory  is  considered  it  is  clear  why  the 
sensitivity  of  recording  spectra  of  a thick  film,  24  hours 
exposure,  will  be  higher  at  60-65  degrees.  Figure  22b,  than 
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at  75-80  degrees.  Figure  22a.  The  phenomena  of  band 
shifting  due  to  changes  in  angle  of  incidence  can  best  be 
seen  in  Figure  23.  Concentrating  on  the  1400  cm-1  band  it 
is  seen  that  in  recording  the  spectrum  at  60-65  degrees. 
Figure  23b,  the  band  was  centered  at  1440  cm'1,  while  in 
recording  at  45-50  degrees.  Figure  23a,  the  band  was 
centered  at  1400  cm-*  - a 40  wavenumber  shift  on  an  average 
change  in  the  angle  of  incidence  of  15  degrees.  Most 
changes  are  not  expected  to  be  so  sharp  since  most  spectra 
are  recorded  at  60  degrees  and  above.  By  moving  towards  the 
normal,  smaller  and  smaller  angles  of  incidence,  it  is  seen 
that  the  positions  of  the  hands  approach  those  of 
transmission  spectra. 

An  exposure  in  a KOH  solution,  pH=9.7  and  potential  of 
-.42  V NHE , was  carried  out  to  check  if  the  carbonate  buffer 
was  responsible  for  the  oxidizing  currents  observed  in  the 
immunity  region.  The  current  in  this  exposure  was  reducing 
thus  indicating  that  the  immunity  region  extended  above  the 
-.56  V N HE  value  that  was  achieved  in  the  pH  = 10  carbonate 
buffer.  A poor  quality  reflection  spectrum  of  that  sample 
was  obtained.  Figure  24,  probably  due  to  the  film  being  very 
thin.  It  is  probably  not  an  oxidation  product  film  but  more 
likely  due  to  adsorption  or  from  washing  the  sample,  but  it 
shows  clearly  the  presence  of  LCH , 1400  and  680  cm-*  bands, 
with  some  other  bands  of  that  compound  appearing  too  but 
they  are  very  weak.  The  asymmetric  band  at  500  cm-*  is 


probably  due  to  the  presence  of  tetragonal  PbO 
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From  the  exposures  in  what  should  have  been  the  immunity 
region  of  the  lead-water  system  it  is  clear  that  using  a 
carbonate  buffer  alters  the  system  thus  making  at  least  part 
of  this  "immunity"  region  into  a passivity  region,  where  LCH 
forms  on  the  surface  and  protects  it  from  further  corrosion. 


3.1.2.  PbO  Region 

The  next  region 
diagram  is  the  PbO 
distinct  polymorphs: 
or  tetragonal  PbO,  an 
as  massicot  or  ortho 
form  at  room  tempera 
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stabilized  at  room 
incorporation  of  im 
Synthesizing  the  tw 
especially  for  the  r 
will  either  prevent 
to  red  PbO.  Red  Pb 
type  semiconductor  at 
at  high  oxygen  pressu 
Exposures  in  th 
oxidizing  currents  th 
densities  ranged  fr 
.003  ma/cm2  in  a 16 
exposures,  close  to 


of  higher  potential  in  the  Pourbaix 
region.  PbO  can  exist  in  at  least  two 
red  PbO,  which  is  also  called  litharge 
d yellow  FbO,  which  is  also  referred  to 
rhombic  PbO.  The  red  PbO  is  the  stable 
ture,  and  it  exists  in  equilibrium  with 
4 91 °c . The  yellow  PbO  can  also  be 
temperature,  and  it  probably  does  so  by 
purities  into  its  crystal  lattice  (70) . 
c forms  must  be  carried  out  carefully, 
ed  PbO  (71),  since  any  impurity  present 
the  formation  cf  or  the  transformation 
C is  phctoconductive  and  acts  as  an  n - 
low  oxygen  pressures  and  as  a p - type 
res. 

e PbO  region  in  pH--7  solutions  gave 
roughout  the  region.  The  final  current 
cm  .025  ma/cm2  in  a 4 hour  exposure  to 
hour  exposure.  In  the  lower  potential 
the  Fb/PbO  transition  line,  samples 
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stayed  shiny  auring  the  whole  exposure  in  spite  of  the 
oxidizing  current.  The  result  was  that  the  film  formed  on 
the  surface  was  thought  to  be  thin  and  obtaining  the 
reflection  spectrum  was  difficult.  The  spectra  obtained 
from  these  exposures  is  seen  in  Figures  25a,  25b  and  25d. 
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particles  seen  in  the  electron  micrograph.  Figure  26,  taken 
from  a sample  exposed  in  that  region,  were  identified  with 
an  X-ray  energy  dispersive  analyzer  to  be  lead  phosphate 
particles.  This  seems  to  rule  out  any  idea  of  a thin, 
protective  lead  phospnate  layer  on  the  surface,  which  could 
have  been  the  logical  explanation  to  the  low  current 
densities  and  the  almost  shiny  samples  observed  in  these 
exposures.  It  is  possible  that  the  phosphate  forms  in  two 
separate  processes,  one  of  them  providing  the  thin 
protective  coating.  Indirect  evidence  fcr  this  is  the  fact 
that  neither  form  of  FbO  can  form  protective  films  and  their 
region  is  regarded  as  corrosion  of  the  metal  (7) . This  is 
due  to  their  high  solubility,  which  reaches  a minimum  at 
pH=9 . 4 , and  the  photoconductivity  of  red  PbO.  When 
considering  the  shiny  color  of  the  samples  and  the  very  low 
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current  achieved  - 0.003  ma/cm*  - it  is  likely  that  the 
phosphate  is  the  passivating  agent  in  these  exposures.  The 
trim  itself  seems  to  be  quite  thick  as  seen  from  the  cracks 
around  the  dark  particle  in  the  center.  That  particle  was 
analyzed  to  be  a SiC  particle  embedded  in  the  soft  lead  from 
the  grinding  process  which  was  part  of  the  surface 
preparation  routine.  The  SiC  particles  tnat  were  stuck  in 
the  lead  did  not  oxidize  and  grow.  This  introduced  stresses 
into  the  film,  and  as  it  thickened  these  stresses  resulted 
in  cracks.  The  grinding  step  was  abandoned  after  this 
phenomenon  was  noticed,  and  the  surface  preparation 
consisted  only  of  chemical  cleaning  with  hot  ammonium 
acetate  solution. 

Exposure  in  the  upper  part  of  the  Pbc  region,  at  a 
potential  of  .48  V NHE,  in  phosphate  buffered  solution, 
pH=7,  resulted  in  a sample  that  was  very  dark.  The  spectrum 
obtained.  Figure  25c,  was  identified  as  due  to  lead 
phosphate  and  red  PbO . 

Due  to  the  difficulty  of  synthesizing  red  PbO  a compound 
for  recording  a reference  spectrum  was  not  prepared. 
Infrared  transmission  and  reflection  spectra  of  red  PbO  were 
reported  in  the  literature,  mainly  with  connection  to  single 
crystal  and  minerology  research  (42,72-76).  Most  of  the 
papers  (72,74-76)  reported  only  one  absorption  band, 
anywhere  from  455  to  477  cm-*.  The  only  paper  that  did 

spectroscopic  analysis  and  band  assignment  (42)  of  red  PbO 
indicated  that  above  250  cm-*,  which  is  the  lower  limit  of 


the  spectrometer  used  in  the  present  research,  there  are  two 
bands,  at  470  and  at  276  crl.  During  the  present  research 
many  FbO  spectra  were  recorded  and  will  be  shown  later  in 
the  text;  not  all  of  these  spectra  showed  both  bands  but 
some  did.  Figure  27  is  a red  PbO  spectrum,  confirmed  by 
Raman  spectroscopy,  that  clearly  shows  the  two  bands,  now  at 
505  and  315  cm-1.  The  asymmetry  and  the  shifting  of  the 
bands  are  very  characteristic  of  reflection  spectra.  This 
figure  clearly  indicates  that  a good  spectrum,  as  good  as 
that  from  a single  crystal  - sometimes  even  better,  can  be 
obtained  using  the  reflection  technique,  not  to  mention  the 
trouble  saved  in  "tsing"  an  electrochemical  exposure  to 
prepare  the  compound. 

Like  the  exposures  done  in  the  pH  = 10  buffer  solution  at 
the  upper  part  of  the  immunity  region,  those  that  were  done 
in  the  lower  part  of  the  Pbo  region  gave,  mainly,  the 
spectrum  of  LCH,  Figure  28.  The  main  difference  from 
previous  spectra  of  this  compound  are  the  two  distinct 
shoulders  at  510  and  465  cm-*.  The  possibility  of  the  510 
ci*‘  band  belonging  to  yellow  PbO  was  ruled  out  with  the 
help  cf  Ramin  spectroscopy  (67).  The  band  at  465  cm-* 
would,  naturally,  be  assigned  to  red  PbO,  but  in  this  way 
the  510  cm-1  will  be  left  unidentified,  unless  we  assign  the 
465  cm~*  band  to  the  ICH  - it  has  a distinct  shoulder  at  460 
cm~*  in  its  transmission  spectrum  - and  the  510  cm~*  band  to 
red  PbO . He  already  observed  a red  PbO  band  at  505  cr«, 
Figure  27,  thus  makirg  it  reasonable  to  assign  the  510  cm-1 


66 


band  to  red  PbO.  An  electron  micrograph.  Figure  29,  of  this 
sample  was  taken,  and  it  reveals  a rough  but  ord<-j.ed  surface 
which  definetly  has  a film  on  it.  There  is  a possibility  of 
lead  compound  particles,  but  they  were  not  resolved. 

Moving  up  in  the  FbO  region,  pH=10,  ma^or  changes  in  the 
samples  exposed  were  observed.  Their  color  was  not 
light-gray  any  more  but  rather  black.  The  most  impressive 
aspect  of  these  exposures  was  the  high  current  density 
obtained,  even  after  18.5  hours  exposure.  The  current 
densities  ranged  from  6.3  ma/cm2  for  a 1.5  hour  exposure  to 
2.5  ma/cm2  for  an  18.5  hour  exposure.  These  were  three 
orders  of  magnitude  higher  than  currents  observed  where  LCH 
formed,  indicating  that  the  red  PbO  films  that  formed  were 
not  protective.  Figure  30  shows  spectra  recorded  in  the  PbO 
region  between  .02  V NHE  and  .24  v NHE.  Figures  30a  and  30b 
show  spectra  of  one  of  the  longest  exposed  samples  - 18.5 
hours  - which  probably  had  the  thickest  film  of  all  samples 
exposed  in  that  regicc.  Figure  30a  was  taken  at  one  extreme 
of  lignt  polarization  which  is  thought  to  produce  parallel 
polarized  light;  the  two  red  PbO  bands  are  observed  at  480 
and  310  cm-1.  The  other  extreme  of  light  polarization  gave 
the  spectrum  seen  in  Figure  30b.  It  was  expected  that  this 
polarization  would  rot  be  sensitive  enough  to  observe  any 
absorption,  but  it  is  clearly  seen  that  the  two  bands  are 
there,  even  though  the  480  cr>  band  was  shifted  to  505  cm~‘ 
and  the  overall  appearance  is  less  syiretric  than  the 
spectrum  obtained  with  the  light  polarized  parallel  to  the 
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incident  plane.  Intuitivly  this  makes  sense,  since  the  less 
sensitive  perpendicular  polarization,  which  has  a node  of 
the  electric:  field  vector  in  the  plane  wnere  the  reflection 
occurs,  will  have  a finite  magnitude  of  that  vector  some 
distance  from  the  reflection  plane.  If  the  film  is  thick 
enough  and  the  light  penetration  is  deep  enough,  on  the 
order  of  a wavelenctn,  this  perpendicular  polarized  light 
will  assume  finite  values  for  its  electric  field  vector 
wnile  still  within  the  film,  thus  making  it  possible  for 
vibrational  excitation.  A shorter  exposure,  1.5  hours, 
produced  the  spectrum  shown  in  Figure  30c,  in  this  case  only 
one  band  of  t.he  red  PLO  was  observed,  and  it  appeared  at  540 
cm-1 . The  identity  ot  the  red  PbO  compound  was  confirmed  by 
X-ray  ana  haman  spectroscopy.  Samples  exposed  for  an 
intermediate  length  of  time  - 5 hours  - showed  a weak 
presence  of  LCH  as  can  be  seen  in  Figure  30d,  but  there  is 
no  doubt  that,  even  at  that  stage,  red  PbO  was  the  main 
constituent  of  the  surface  layer  which  contributed  to  the 
spectrum . 


3.1.3.  Pb  0 Region 

3 4 

J.  Burbank  wrote  the  only  paper  (45)  we  found  that 
claims  the  formation  cf  Pb  0„  in  aqueous  solutions.  None  of 
the  exposures  done  during  this  research,  in  any  of  the 
regions,  produced  a spectrum  that  unquestionably  could  be 
identified  to  be  that  of  Pb304.  Pb3C>4,  which  is  called  red 

lead  or  minium,  can  be  made  by  heating  up  Pb02  (43).  An 
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interesting  point  is  that  there  is  tetragonal  PbO, 

tetragonal  PbO,  and  Pb^O^  is  also  tetragonal,  thnc  making  it 

easier  to  introduce  any  of  the  oxides  into  the  other 

lattices.  From  simple  stoichiometric  addition  it  is  seen 

that  a combination  of  2PbO  and  PbO  will  produce  Pb_.0„.  If 

2 J 4 

during  our  exposures  in  the  Pb^O^  region  we  actually  formed 
a lattice  with  PbO  and  PbC2  in  it,  it  is  clear  why  the 
actual  Pb^O^  spectrum  was  not  observed  in  any  of  the 
exposures.  A possible  kinetic  effect  in  the  formation  of 
Pd^Oj  can  not  oe  ruled  out. 

Exposure  in  phosphate  buffer,  pH=7,  in  the  Pb^C>4  region, 

at  a potential  of  .67  v NHE , produced  a dark  - gray  sample. 

Current  densities  were  not  as  high  as  in  the  exposures  in 

the  upper  part  of  the  PbO  region  but  were  still  fairly  high, 

0.3  ma/cm2.  Figures  31a  and  31c  show  spectra  obtained  from 

the  sample  at  different  light  polarizations.  The  problem 

with  the  assignment  of  the  bands  is  that  Pb^O^  and  lead 

pnosphate  have  bands  in  very  close  proximity,  and  with  the 

possible  shift  in  land  position  due  to  reflection,  it  was 

not  possible  to  determine  if  any  Pb^o^  existed  in  the 

sample.  Indirect  evidence,  like  color  of  the  sample  - dark 

gray  - instead  of  the  bright  orange  color  that  was  under  the 

surface  film  reported  by  Burbank  (45),  indicated  against  the 

formation  of  Pb^O^  in  any  of  those  samples.  The  455-60  cm'1 

band.  Figure  31a,  can  be  assigned  as  the  strongest  Pb  0 

3 4 

band,  as  seen  in  the  reference  transmission  spectrum  of  the 
compound.  Figure  3 1 d . The  banls  at  540,365  (sh)  and  265 
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cm-*  can  also  be  attributed  to  Pb^O^,  but  at  the  same  time 
its  more  likely  that  the  455-60  and  the  265  cm-*  bands  are 
red  PbO  bands  and  the  rest  are  lead  phosphate  bands.  Figure 
31b  gives  the  spectrum  of  the  same  sample  when  no  polarizer 
was  used  ir.  the  light  path.  There  is  a marked  decrease  in 
the  sensitivity  and  the  intensity  of  this  spectrum  compared 
to  the  spectrum  recorded  with  the  polarizer  alligned  to 
transmit  the  parallel  component.  Figure  31a.  Exposing  a 
sample  in  a bicarbonate  buffer  at  comparable  potentials  did 
not  seem  to  rorm  Pb^CK  either.  The  sample  was  dark-gray  and 
the  current  was  of  the  same  order  of  magnitude,  even  after  6 
hours  exposure.  The  spectrum.  Figure  32,  has  indications  of 
LCH  and  red  PbO,  but  there  is  also  a slight  possibility  that 
Pb^O^  is  present,  based  on  the  470  and  375  (sh)  cm-*  bands. 
An  x-ray  diffraction  pattern  of  the  sample  did  not  reveal 
any  new  data.  This  was  expected,  since  x-ray  diffraction 
patterns  from  thin  oxide  films  on  a lead  substrate  produced 
a strong  lead  diffraction  pattern  which  probably  masked  some 
of  the  film  peaks,  thus  preventing  complete  identification. 
An  electron  micrograph  of  the  sample.  Figure  33,  did  not 
nelp,  since  it  shows  only  a film-coated  surface.  All  the 
c racks,  shown  in  Figure  33,  are  probably  due  to  stresses 
introduced  into  the  surface  during  sample  preparation. 

3.1.4.  PbO^  legion 

Like  PbO  lead  dioxide  has  two  polymorphs,  the  tetragonal 
and  the  orthorhombic  forms.  The  formation  of  the  two 
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polymorphs  is  pH  dependent.  The  electrical  conductivity  of 
PbC>2  is  high  and  it  is  considered  to  be  an  intrinsic 
semiconductor  (47) . Lead  dioxide  is  an  important  compound 
since  it  constitutes  the  positive  electrode  in  lead-acid 
batteries.  Unfortunately  neither  form  of  PbC>2  exhibits  any 
absorption  bands  in  the  near  and  middle  regions  of  the 
infrared  spectrum.  This  lack  of  spectrum  has  been  reported 
in  the  literature  (73,76).  The  only  paper  that  claimed  the 
recording  of  of  the  infrared  spectrum  of  PbC>2  (74)  admitted 
tnat  many  contaminants  were  present  in  many  of  the  samples. 
An  attempt  to  record  the  transmission  spectrum  of  Pb02 
powder  - confirmed  by  X-ray  to  be  pure  tetragonal  PbOj  - did 
not  produce  any  measurable  absorption  bands  in  the  1500-250 
cm~»  range.  With  this  in  mind  it  is  clear  that  it  is  not 
possible  to  rule  out  the  formation  of  PbO  in  any  of  the 
exposures.  Indirect  evidence  like  color  and  current  density 
should  help  in  characterizing  the  species  formed.  Due  to 
some  of  the  films  being  very  thin  the  possibility  of  X-ray 
diffraction  patterns  helping  in  solving  the  identification 
problem  was  low,  but  it  was  tried  anyway. 

Exposures  in  the  Pb02  region  in  a phosphate  buffer, 
pH=7,  at  .99  V NHE,  produced  a gray  sample.  The  change  in 
current  magnitudes  during  the  exposure  indicated  the 
possibility  of  two  processes  occuring,  the  current  went 
steadily  down,  then  after  1 hour  climbed  up,  and  then 
started  down  again.  Current  densities  were  fairly  high  - 
0.6  ma/cm2.  An  electron  micrograph  of  the  sample  did  not 
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reveal  any  particles  on  the  surface.  Figure  34a  shows  the 
spectrum  obtained  from  this  sample.  The  important  bands  are 
at  470  and  370  cm*1;  all  the  other  weak  bands  are  lead 

phosphate  bands.  Th t two  bands  do  not  correspond  to  yellow 
PbO  formation,  since  the  high  frequency  band  should  appear 
ar>ove  500  ci*‘ . The  bands  correspond  well  with  the 

possibility  of  Pb^ 0^  formation  even  though  some  of  this 
compound's  bands  are  missing,  as  seen  in  comparison  with  a 
reference  transmission  spectrum  of  Pfc^ 0^ , Figure  31d.  It  is 

possible  though  that  some  of  the  Pb  O bands  are  not 

3 4 

excitable  in  the  reflection  mode.  Pn00  is  known  to 
decompose  in  light  and  give  the  lower  oxides  (54),  this  was 
demonstrated  with  a laser,  and  the  film's  Raman  spectrum  was 
recorded  (67) . This  can  explain,  in  part,  the  change  in 
current  during  the  exposure  and  the  spectrum  that  was 
recorded . 

More  spectra  were  recorded  of  this  sample  with  different 
angles  of  incidence  and  numbers  of  reflections.  Figure  34b 
is  a single  reflection  spectrum  recorded  at  an  angle  of 
incidence  of  65  degrees.  Using  the  same  angle  of  incidence 
but  a higher  number  of  reflections,  2-3,  produced  a somewhat 
weaker  spectrum.  Figure  34c.  This  spectrum  is  not  as  highly 
asymmetric  as  the  single  reflection  spectrum;  this  can  only 
be  attributed  to  the  different  number  of  reflections  used  in 
recording  the  spectrum.  The  change  in  symmetry  is  not 
explained  by  reflection  since  more  reflections  should 
introduce  more  information  to  the  light  while  at  the  same 
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time  they  decrease  the  overall  radiation.  It  can  be  caused 
by  a non-specular  reflection  from  the  surface,  which  in 
other  words  caused  the  light  to  fall  in  subsequent 
reflections  at  a wide  range  of  angles  malting  the  spectrum  a 
diffusion  - specular  combination  spectrum.  Figure  34d  was 
recorded  using  even  more  reflections;  the  370  cm-1  band  is 
almost  undetectable  and  is  seen  only  as  a weak  shoulder. 
The  interesting  thing  is  the  470  cm-1  band  which  looks  now 
as  if  it  is  composed  of  two  bands  at  485  and  at  470  crl. 
Sepeated  spectra  under  the  same  conditions  proved  that  this 
was  not  instrument  noise.  The  470  cr‘  band,  along  with  the 
possible  band  at  270  cm*',  more  than  hints  for  the  presence 
of  PbO.  The  preserce  of  PbO  does  not  contradict  what  was 

said  before,  since  the  decomposition  products  of  Pb02  can  be 
any  intermediate  oxides  between  Pb02  and  PbO  inclusively. 
To  close  this  line  a spectrum  was  recorded  at  70  degrees 
incident  radiation  with  1-2  reflections.  Figure  34e.  The 
spectrum  is  almost  non-informative  and  contains  only  the  300 
cm-»  band  of  red  PbO. 

The  conclusions  from  all  these  recordings  is  that  the 
film  is  quite  thick,  the  recording  at  65  degrees  incident 
angle  was  better  that  recording  at  70  degrees,  and  that  the 
optimum  number  of  reflections  for  this  film  is  not  as  low  as 
was  expected,  indicating  that  the  surface  is  quite  a good 
reflector  in  this  infrared  region.  PbO  has  been  stated  to 
be  a good  mirror  in  a large  interval  of  the  infrared 
radiation  (42)  , and  this  is  in  agreement  with  the  results 


presented . 

Moving  up  in  tfce  PbO^  region  to  1.08  V NHE,  pH=7,  and 
exposing  a sample  for  3.5  hours  produced  a surface  black  in 
color  which  seemed  thick  but  was  difficult  to  obtain  a 
spectrum  from,  since  no  distinct  bands  could  be  located. 

Exposures  in  pH=10  in  the  PbC^  region  were  done  in 
potentials  ranging  from  .75  V NHE  to  1.08  V NHE.  In  the 
.75  V NHE  exposures,  with  exposures  times  ranging  from  2.5 
to  5.5  hours,  there  is  a difference  in  the  spectra  obtained. 
Figure  35a  shows  the  spectrum  obtained  from  the  sample 
exposed  for  2.5  hours;  there  is  only  one  band  at  470  cm-1. 
The  sample  color  was  black,  but  the  spectrum  can  be 
attributed  to  red  PbO.  In  the  5.5  hour  exposure  the  current 
went  down  to  value  of  3.8  ma/cm2,  but  then  started  up  again 
and  stopped  around  6.3  ma/cm2.  The  sample  looked  dark-gray 
and  when  checking  for  a photoelectric  effect  by  illuminating 
the  entire  electrochemical  cell  with  150  watt  lamp,  there 
was  an  increase  in  the  overall  current  by  about  3 ma.  The 
change  was  not  larger  since  the  experiment  was  conducted  in 
a lighted  room  and  with  the  extra  light  we  probably  caused 
saturation  of  the  current.  The  spectrum  obtained  from  that 
sample.  Figure  35b,  is  highly  asymmetric,  but  the  existance 
of  red  PbO  is  confirmed.  The  bands  due  to  PbO  in  this 
spectrum  are  the  540  and  the  290  cm-4  bands.  The  direction 
of  band  shift  is  in  agreement  with  the  film  wavelength 
relations.  The  500  cm-4  band  is  thought  to  be  of  some 
intermediate  lead  oxide  that  formed  during  the  exposure,  and 
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its  presence  was  hinted  in  the  change  of  the  magnitude  of 
the  current.  Exposures  done  at  a higher  Potential, 
.83  V NHE,  gave  samples  with  colors  ranging  from  blue-gold 
to  gray,  depending  cn  length  of  time  exposed.  The  current 
exhibited  the  same  behavior  of  down,  up  and  down  again  as 
was  observed  at  the  lower  potential,  but,  inspite  of  all 
this,  the  spectrum  was  not  much  different  from  that  recorded 
before.  It  displays  an  extra  band  at  365  cr>,  Figure  35c, 
whicn  can  be  due  to  Pfc  0 or  any  of  the  intermediate  oxides. 
Figure  36  shows  one  band  of  red  EbO  from  a sample  exposed  in 
that  region,  that  was  recorded  at  3 different  angles  of 
incidence  - 60,65  and  70  degrees.  It  is  clearly  seen  that 

the  optimum  angle  is  around  65  degrees,  probably  between  60 
and  65  degrees. 

An  electron  micrograph  of  sample  exposed  at  . 83  V NHE, 
Figure  37,  shows  only  film  and  no  particles. 

During  the  analysis  of  all  the  exposures  in  the  Pb02 
region  it  must  be  taken  into  consideration  that  most  of  this 
region  lies  above  the  oxygen  evolution  line,  shown  as  line  b 
in  Figure  14.  This  means  that  another  process  - water 
decomposition  - takes  place  and  probably  influences  the 
surface  reactions.  The  effect  of  this  process  on  the 
exposures  was  not  studied  in  this  research. 


3.2.  Leaa-Watei-Chlor ide 


The  lead  electrochemical  exposures  in  solutions 


containing  chloride  ions  were  conducted  in  an  identical 
Banner  to  the  exposures  in  nil  chloride  solutions. 

The  Pourbaix  diagram  of  the  system.  Figure  38,  was 
calculated.  Appendix  II.  In  the  lower  potential  region, 
tslow  0.2  V N HE , the  reactions  and  the  species  present  were 
after  the  work  done  by  Appellet  (64) . The  diagram  was 
calculated  while  taking  into  account  the  concentration  of 
chloride  ions  used  in  this  research,  0.  1M.  This  in  turn 
affected  the  concentration  of  lead  ions  in  solution 
independent  of  pH  and  potential  as  seen  in  reaction  3 
Appendix  II. 

3.2.1.  P bcl 2 Region 

Most  of  the  experiments,  as  before,  were  conducted  in 
pH=7  and  pH=10  solutions.  One  experiment  and  a matching 
electrochemical  polarization  curve.  Figure  39,  were 
performed  in  0.1M  HCl  . During  this  electrochemical  exposure 
the  current  was  very  high,  and  there  was  a possibility  of 
overloading  the  potentiostat  and  having  insufficient  current 
to  keep  the  potential  steady.  The  sample  looked  gray  while 
in  solution  but  became  yellowish  upon  drying.  The 
auxilliary  electrode  was  also  covered  with  some  dark 
material.  Figure  4C  shows  the  spectrum  recorded  from  that 

sample.  The  two  spectra  were  recorded  at  identical  light 

polarization  settings  but  different  angles  of  incidence. 
The  spectrum  was  identified  to  be  that  of  yellow  PbO,  and  a 
transmission  spectrum  of  yellow  PbO  appears  in  Figure  19b. 
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Xhe  material  on  the  auxilliary  electrode  was  scraped  off, 
and  its  Raman  spectrum  was  obtained  and  identified  to  be 
that  of  yellow  PbO  (67) . As  mentioned  before,  yellow  PbO  is 
the  high  temperature  polymorph  of  the  lead  monoxides,  but  is 
known  to  be  stable  in  the  presence  of  minute  amounts  of  some 
materials  (70)  , even  at  room  temperature.  The  infrared 
spectrum  - transmission  and  reflection  - of  yellow  PbO 
appears  in  the  literature  (42,72,77),  but  the  only  reliable 
source  seems  to  be  the  one  paper  that  is  devoted  to  the 
infrared  spectra  measurements  of  the  lead  monoxides  (42). 
Inis  paper  lists  3 bands  for  yellow  PbO  above  250  cm-4:  at 
500,356  and  at  290  cm-4.  This  corresponds  well  to  the 
spectra  in  Figure  40  which  show  bands  at  500,385  and  305 
ci*1.  The  presence  of  yellow  PbO  on  the  auxilliary 
electrode  hints  towards  the  conclusion  that  yellow  PbO  does 
not  form  via  a direct  electrochemical  process  but  rather  is 
a byproduct  of  such  a process.  This  observation  is  in 
agreement  with  a paper  (45)  that  suggested  the  possible 
mechanism  for  the  formation  of  yellow  PbO  to  be  through  the 
plumbous  ion,  Pb'*'+: 

Pb**  ♦ H20  = PbO  (Y)  ♦ 2H* 

This  explains  why  yellow  EbO  is  seen  in  acidic  solutions. 
Since  the  Pb+^/HPbO^  transition  line  in  the  Pourbaix  diagram 
(7)  is  at  p H = 9 . 4 , it  is  understood  that  the  lack  of  Pb** 
ions  in  highly  basic  solutions  will  also  prevent  the 
formation  of  yellow  PfcO. 

This  experiment  was  performed  in  a region  of  the 
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pourbaix 

aiagram.  Figure  38, 
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and 

Cl~ . 

Lead  chloride  does 

not  exhibit  absorption  bands 

in 

the 

infrared  region 

investigated  in  this  research.  It  is  considered  to  be  quite 
a good  material  for  infrared  windows  (40) , due  to  its  good 
transparency  and  a relatively  low  solubility  in  water.  In 
view  ct  all  this  the  lead- water-chloride  system  should  have 
been  investigated  witn  a cc upliment r y technique  to  infrared 
spectroscopy,  wmch  should  De  sensitive  to  the  lead  chloride 
compounds.  This  was  done  in  a separate  study  using  Raman 
spectroscopy  (67)  . 

3.2.2.  Exposures  in  pH=7  (0.1M  Cl-)  Pnosphate  Solutions 

The  electrochemical  polarization  curve  in  phosphate 
buffer  containing  0.1M  chloride  ions.  Figure  41,  shows  only 
one  small  wave  which  is  at  too  low  a potential  to  correspond 
to  the  Pb/ 3 FbO  • PbCl transition  line  in  the  Pourbaix 
diagram . 

Samples  that  were  exposed  in  the  immunity  region  of  the 
Pourbaix  diagram.  Figure  38,  all  the  way  up  to  the 
Pb/3PbO • PbCl,,  transition  line  gave  reducing  currents  through 
all  the  exposures.  When  the  samples  were  taken  out  of 
solution  they  looked  the  same  as  when  put  in.  The  infrared 
reflection  spectrum  was  obtained  easily  but  was  of  fairly 
low  intensity,  as  is  showen  in  Figure  42.  The  bands 
correspond  to  tnose  of  lead  jhcsphate.  Three  different  lead 
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phosphates  are  known:  meta,  ortho  and  pyro  phosphate.  All 
of  these  compounds  have  their  absorption  bands  in  a very 
close  region  which  complicates  their  exact  identirication. 
The  only  compound  that  has  a band  in  the  670  cm-*  region  is 
the  meta  phosphate  but  it  is  unlikely  that  this  is  the 
compound  that  formed,  and  the  670  cm-*  band  is  probably  due 
to  LCH . 

In  the  experiments  performed  in  the  lower  part  of  the 
3PDO-PbCl^  region.  Figure  38,  at  -.11  V N HE  the  current  went 
down  fast  indicating  a quick  formation  of  a protective 
layer.  At  the  end  of  a 17  hour  exposure  the  current  was 

0.02  ma/cm2,  and  the  samples  had  some  interference  colors  on 
them,  mostly  blue.  Figure  43a  shows  the  spectrum  obtained 
before  washing  the  sample  with  distilled  water.  By 
comparison  to  Figure  43b,  which  was  obtained  after  washing 
the  sample,  it  is  seen  that  the  appearance  of  the  spectrum 
is  the  same  except  that  the  low  frequency  bands  are  better 
resolved  after  washing  the  sample.  No  improvement  of  the 
baseline  below  500  cm-1  was  possible  with  this  sample. 
Another  sample,  exposed  under  identical  conditions.  Figure 
43c,  gave  a spectrum  that  could  be  interpreted  as  either  a 
mixture  of  red  and  yellow  PbO  or  as  just  yellow  PbO. 

Electron  micrographs  of  these  samples  at  500X,  Figure  44, 

and  at  5000X,  Figure  45,  magnifications  were  obtained.  The 

light  colored  particles  were  identified,  as  in  the  nil 
chloride  solutions,  to  be  lead  phosphate  particles.  The 
surface  film  was  characterized,  with  an  X-ray  energy 
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dispersive  analyzer,  to  have  lead,  but  nothing  else  was 
detected.  This  is  in  agreement  with  the  infrared  results 
indicating  PbO  formation,  since  the  X-ray  energy  dispersive 
analyzer  can  not  detect  oxygen.  No  chlorides  were  detected 
in  the  surface  film  thus  indicating  that  the  monoxides  were 
the  only  species  present  in  the  film. 

Several  experiments  were  conducted  in  solutions  having 
0.01H  and  0.5M  concentrations  of  chloride  ions.  These 
experiments  were  done  in  the  SPbO-PbCl^  region  of  the 
Pourbaix  diagram.  Figure  38.  In  the  0.01M  chloride  ion 
solution  the  current  was  an  order  of  magnitude  higher  than 
in  those  exposures  carried  out  in  0.5M  chloride  ion 
solutions.  Figure  46a  shows  the  spectrum  obtained  from  the 
exposure  in  the  low  concentration  chloride  solution. 

Besides  the  lead  phosphate  bands  one  can  see  a distinctive 

shoulder  at  520  cm-1,  a band  at  470  cm*1  and  another 

shoulder  at  375  cm*1  . This  spectrum  can  be  identified  as  a 
red  and  yellow  PbO  mixture  and  it  was  confirmed  by  X-ray 
diffraction  and  Raman  spectroscopy  (67) . The  high 

concentration  chloride  solutions  gave  the  spectrum  seen  in 
Figure  46b.  The  bards  below  600  cm-1  are  not  resolved  and 

the  overall  spectruir  is  weaker.  Electron  micrographs  of 

these  samples  were  obtained,  and  there  is  a marked 
difference  between  the  low  concentration  chloride  exposure. 
Figure  47,  and  those  performed  in  the  high  concentration 
chloride  solutions.  Figures  48  and  49.  The  crystals  in 
Figures  48  and  49  were  identified  to  be  pottasium  chloride 
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(KCl)  which  precipitated  cut  of  solution  due  to  its  high 
concentration  there,  but  there  was,  probably,  some  impurity 
or  surface  effect  cn  this  precipitation  since  KCi  did  not 
exceed  its  solubility  product  in  solution. 

Electrochemical  exposures  in  the  upper  part  of  the 
3PbO-PbCl2  region.  Figure  38,  gave  a spectrum  of  red  PbO 
only. 

Exposures  in  the  Pb02  region.  Figure  38,  gave  a very 
dark  sample.  The  infrared  reflection  spectrum  was  obtained. 
Figure  50,  and  it  has  again  an  indication  of  red  and  yellow 
PbO,  Figure  50a.  Scale  expansion  of  5X  was  tried  in  the 
vicinity  of  the  important  bands,  and  the  spectrum  obtained 
is  seen  in  Figure  50b.  The  bands  are  clear  and  strong,  but 
it  was  impossible  to  adjust  the  baseline,  mainly  due  to  the 
reflection  attachments,  which  are  trial  and  error 
instruments  and  do  not  provide  any  accurate  way  to  measure 
and  reproduce  the  exact  angles  of  incidence,  and  to  the 
angles  of  the  directing  mirrors  with  respect  to  the  infrared 
spectrometer.  Figure  50c  is  a spectrum  obtained  from  the 
same  sample  with  the  polarizer  aligned  to  transmit  the 
perpendicular  component  of  the  light. 

The  only  big  difference,  so  far,  in  comparison  with  the 
nil  chloride  exposures  is  the  formation  of  the  yellow  form 
of  PbO  in  solutions  containing  chloride  ions.  Since  trace 
amounts  of  the  chloride  ions  were  expected  to  prevent  the 
yellow  to  red  PbO  transformation,  no  chloride  concentration 
effect  was  observed,  even  when  there  was  a change  in  the 
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concentration  of  chloride  ions  by  an  order  of  magnitude  from 
the  usual  working  conditions. 

3.2.3.  Exposures  in  ph=10  (0.1M  Cl~)  bicarbonate  solutions 

The  electrochemical  polarization  curve  in  a bicarbonate 
buffer  solution  containing  0.1M  chloride  ions,  pH=10,  Figure 
51,  looks  very  much  the  same  as  the  polarization  curve  of 
the  comparable  nil  chloride  solution.  Figure  16.  Comparing 
the  Pourbaix  diagrams  of  the  systems.  Figures  14  and  38,  it 
is  clear  that  the  polarization  curve  in  the  chloride 
containing  solution  should  have  at  least  one  transition  wave 
less  than  tne  polarization  curve  that  was  run  in  the  nil 
chloride  solution  at  pH=10. 

No  yellow  PbO  was  expected  to  form  in  pH=10  solutions, 
even  in  those  containing  chloride  ions.  In  the  exposures 
performed  in  a bicarbonate  buffer  at  low  potentials  - 
immunity  and  the  lower  part  of  the  3FbO-PbCl^  regions, 
Pigure  38  - LCH  formed,  which  is  comparible  tc  the  processes 
in  nil  chloride  solutions.  Sample  colors  were  from  light 
gray  to  some  that  had  interference  colors  on  them. 
Throughout  this  region  current  densities  were  approximately 
the  same  indicating  that  identical  processes  might  be  taking 
place.  Spectra  obtained,  not  shown,  were  identical  to  those 
obtained  in  the  couparible  exposures  in  nil  chloride 
solutions.  Figure  21a,  and  were  identified,  as  before,  to  be 
of  LCH. 
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Moving  up  in  the  3Pbo*PbCl2  region  of  the  Pourbaix 
diagram.  Figure  38,  the  exposures  gave  red  P^c.  Current 
densities  were  high  compared  to  the  exposures  that  gave  LCH, 
this  is  expected  in  the  formation  of  red  PbO  which  is  a 
nonprotective  oxide. 

An  exposure  in  the  Pb02  region.  Figure  38,  gave  very 
high  currents,  5.0  ma/cm2.  its  infrared  reflection  spectrum 
was  obtained.  Figure  52,  and  it  shows  a medium  broad  band 
between  450  and  60C  cm-1.  This  band  is  clearly  resolved 
into  two  weak  bands.  The  spectrum  looks  like  it  could  match 
the  mirared  spectrum  of  lead  dioxide  given  in  the 
literature  (74)  but  that  spectrum  does  not  seem  to  be  too 
reliable.  This  paper  states  that  the  lead  dioxide  spectrum 
consists  of  one  weak  and  broad  band  between  585  and  465 
cm-1.  The  high  current  densities  observed  are  in  agreement 
with  the  good  conductivity  of  Pb02 , but  at  the  same  time 
could  be  in  part  from  the  oxygen  evolution  process. 

Not  much  information  was  expected  to  be  gained  from  the 
infrared  reflection  spectra  of  lead  samples  exposed  in 
solutions  containing  chloride  ions.  This  was  mainly  due  to 
the  lack  of  absorption  bands  of  the  lead  halides  in  the 
infrared  region  of  the  spectrometer  used  during  this 
research.  The  results,  in  pH=10  solutions  were  almost 
identical  to  those  obtained  in  nil  chloride  solutions,  and 
no  significant  difference  can  be  pointed  out. 
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3.3.  Lead-Water-Sulf ate 

The  electrochemical  behavior  of  lead  in  sulfuric  acid  is 
by  far  the  single  sost  widely  investigated  system  of  lead 
electrochemistry.  The  importance  of  the  lead-sulfuric  acid 
system  is  based  on  the  extensive  use  of  lead-acid  batteries 
in  many  modern  applications,  from  cars  to  submarines. 

The  Pourbaix  diagrams  of  the  system.  Figures  53  and  5h, 
were  calculated.  Appendix  III.  Two  diagrams  are  presented 
for  two  different  concentrations  of  sulfate  ions  - IN  and 
O.lh.  The  diagram  was  calculated  before  (48),  but  the  use 
of  newer  data  (65)  shows  that  some  changes  do  occur.  These 
changes  are  mainly  in  the  Pb0*PbS04  region  which  is  seen. 
Figure  53,  to  expand  towards  higher  and  lower  pH  values, 
relative  to  the  diagram  that  was  published  (48). 

3.3.1.  Exposures  in  0.1M  Sulfuric  Acid 

The  electrochemical  polarization  curve  of  lead  in 
sulfuric  acid.  Figure  55,  shows  one  strong  and  snarp  wave  at 
-.26  V NHE  which  can  clearly  match  the  Pb/PbSO^  transition 
line  in  the  Pourbaix  diagram.  Figure  54. 

The  infrared  transmission  spectrum  of  lead  sulfate 
powder  was  recorded  and  is  compared.  Figure  56,  to  the 
infrared  reflection  spectrum  obtained  from  a lead  sample 
exposed  in  Q.1M  sulfuric  acid,  pH=0.9,  at  -.02  V NHE.  The 
lead  sample  surface  was  confirmed  by  Raman  spectroscopy  (67) 
to  be  covered  with  fbS04.  The  two  spectra  in  Figure  5b  do 
not  look  the  same  at  first  sight  but  at  least  three  of  the 
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bands  can  be  matched  easily:  the  960,  628  and  the  595  cm-* 
bands.  The  other  bands,  all  of  them  above  10OO  cr*,  can 
also  te  matched  if  seme  literature  data  is  used,  but  before 
that  it  is  clear  that  the  resolved  bands  in  the  reflection 
spectrum  could  be  hidden  under  the  poorly  resolved,  strong 
and  broad  band  in  the  transmission  spectrum  which  covers 
over  250  wavenumbers,  from  950  to  1200  cm-1.  The  1220  cm-1 
band  which  is  the  strongest  in  ' 'e  reflection  spectrum  can 
oe  exther  from  the  shifting  of  the  1160  cm-1  band  in  the 
transmission  spectrum,  or  a combination  band  of  two 
fundamentals  as  is  seen  in  the  case  of  gypsum  (78)  , or  even 
a combination  of  these  two  possibilities. 

Figure  57a  shows  the  spectrum  obtained  from  a lead 
sample  exposed  in  the  immunity  region  of  the  Pourbaix 
diagram.  Figure  54,  in  0.1M  H2S04  , at  -.40  V NHE.  The 

current  was  reducing  during  the  whole  exposure.  The 
spectrum  obtained  upen  removal  from  solution  was  identified 
as  PbS04  and  red  FbO.  This  spectrum.  Figure  57a,  has  the 
same  band  appearance  as  the  reflection  spectrum  presented  in 
Figure  56b,  but  it  is  seen  now  that  the  1220  cr‘  band  is  at 
1160  cm-1,  which  is  more  like  the  transmission  spectrum  of 
PbSO^ , thus  hinting  that  the  origin  of  the  1220  cm-*  band  is 
from  the  1160  cm-*  band  in  the  transmission  spectrum,  and 
the  shift  is  due  to  reflection  phenomenon  and  thickening  of 
the  film.  The  formation  of  red  PbO  can  be  explained  to  be 
from  the  "wet"  oxidation  of  the  sample  after  removal  from 


the  cell  and  not  as  part  of  the  electrochemical  process 


An 
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x-ray  diffraction  pattern  of  this  sample  was  completely 
uninformative  and  showed  only  the  lines  of  lead  metal 
(cubic),  thus  supporting  the  idea  of  a very  thin  film  (<1000 
angstroms) . Figure  57b  shows  a spectrum  recorded  from  the 
same  sample  but  with  the  polarizer  aligned  to  transmit  the 
perpendicular  component  of  the  light. 

An  electron  micrograph  of  the  sample.  Figure  58,  shows  a 
surface  with  scattered  lumps  of  particles  on  it.  These  are 
probably  lead  sulfate  which  did  not  have  the  time  to 
crystalize  properly  upon  drying  of  the  sample. 
Unfortunately  it  was  not  possible  to  identify  the  particles 
using  an  x-ray  energy  dispersive  analyzer  since  the  lead  and 
the  sulfur  lines  are  very  close  and  could  not  be  resolved. 

Pavlov  (50,53)  and  Ruetschi  (55)  investigated  the  anodic 
layer,  formation  anc  composition,  on  lead  electrodes  in 
sulfuric  acid  solutions.  Their  results  were  that  between 
-.34  V N HE  and  .32  V NHE  the  anodic  layer  consists  only  of 
PbS04,  from  .32  V NHE  to  1.52  V NHE  the  layer  composition  is 
more  complicated  having  PbS04  in  the  solution-electrode 
interface.  Under  the  PbS04  layer  they  reported  the 
formation  of  compounds  like,  red  PbO  and  PbO*PbSC>4  which  are 
usually  observed  only  in  basic  solutions.  During  that 
research,  which  was  based  on  x-ray  diffraction  analysis  of 
the  lead  electrodes,  it  was  suggested  (50)  that  a non  x-ray 
technique  should  also  be  used,  mainly  due  to  the  problems 
encountered  with  identification  of  some  of  the  compounds 
x-ray  diffraction  patterns. 
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Electrochemical  exposures  within  the  potential 
boundaries  set  by  Pavlov  (50)  in  which  only  the  formation  of 
PbS04  was  observed  gave  infrared  reflection  spectra  that 
confirmed  these  results.  An  example  of  such  a spectrum  is 
seen  in  Figure  56b. 

A good  example  of  the  dependence  of  the  reflection 
spectrum  on  the  angle  of  incidence  is  given  in  Figure  59. 
Figure  59a  was  recorded  at  60-65  degrees  incident  angle  and 
the  spectrum  obtained  is  clear  and  sharp.  Recording  at 
lower  angles  of  incidence,  45  and  30  degrees.  Figures  59b 
and  59c  respectively,  showed  spectra  that,  while  they  still 
are  resolved,  are  of  much  worse  quality  than  that  recorded 
at  60-65  degrees.  The  spectra  recorded  at  low  angles  of 
incidence.  Figures  59b  and  59c,  look  more  like  the 
transmission  spectrum  of  the  PbSO^  powder.  Figure  56a.  This 
is  reasonable  when  considering  that  these  spectra  were 
recorded  at  angles  of  incidence  closer  to  the  normal  to  the 
surface.  Another  feature  that  can  be  pointed  out  from  these 
spectra  is  the  change  in  the  relative  intensity  of  some  of 
the  bands  with  a change  in  the  angle  of  incidence.  Going 
from  60  to  45  to  30  degrees  the  bands  at  1200  and  1030  cm-* 
change  their  relative  intensity,  so  do  the  two  sharp  bands 
at  630  and  585  cm~*.  This  can  not  be  explained  throughly 
without  knowing  the  optical  constants  of  the  film  at  the 
wavelength  of  the  absorption  bands. 

Electrochemical  exposures  done  at  .48  V NHE  and 
.80  V NHE  gave  results  that  at  least  on  the  shorter 
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exposures,  up  to  7 hours,  confirmed  the  results  reported  by 
Pavlov  (50) . Figure  60a  shows  a spectrum  obtained  from  an 
exposure  done  in  the  region  where  only  PbSO^  form  on  the 
surface,  at  -.02  V NHE , while  Figure  60b,  at  .80  V NHE, 
shows  a spectrum  that  is  identified  to  be  a mixture  of  PbSO^ 
and  red  PbO . These  identifications  were  confirmed  by  Raman 
spectroscopy  (67).  The  explanation  given  by  Pavlov  for  the 
formation  of  red  PbC,  which  usually  forms  only  under  basic 
conditions,  was  that  as  a result  of  the  pbSO^  crystals 
growth  on  the  electrode  surface,  the  diffusion  of  sulfate 
ions  towards  the  lead  electrode  was  hindered  thus  causing 
the  pH  value  under  the  surface  film  to  rise  and  become  more 
basic.  Electron  micrographs  of  such  surfaces  were  taken. 
Figures  61  and  62,  at  magnifications  of  500X  and  2000X 
respectively . 

A series  of  sever  exposures  was  done  at  .80  V NHE.  The 
only  difference  be  ;ween  the  exposures  was  the  exposure  time, 
ranging  from  20  minutes  to  20.5  hours.  In  the  first  three 
exposures  - 20  minutes, 1.5  and  2.5  hours  - the  current 
densities  observed  kept  on  going  down  steadily  as  the 
exposure  time  grew.  It  started  with  .94  ma/cm2  at  the  end 
of  a 20  minutes  exposures  and  went  down  to  0.25  ma/cm2  for  a 
2.5  hour  exposure.  During  these  exposures  sample  colors 
changed  from  yellow-pink  to  blue  to  gray  green.  Spectra 
obtained  were  stronger  for  the  1.5  and  the  2.5  hour  exposure 
than  that  obtained  from  the  sample  exposed  for  20  minutes. 
There  is  no  difference  though  in  the  spectra  of  the  1,5  and 
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the  2.5  hour  exposures.  There  is  an  indication  of  red  PbO 
in  the  20  minutes  exposure.  Figure  63a,  and  -*-v.e  1.5  hour 
exposure.  Figure  63b,  it  is  not  seen  in  the  spectrum 
obtained  from  the  sanple  exposed  for  2.5  hours.  Figure  63c, 
but  it  should  have  been  there  and  probably  was  not  resolved. 

Things  changed  somewhat  in  the  3.5  hour  exposure. 
Trials  to  record  the  spectrum  upon  removal  from  solution  did 
not  produce  a good  spectrum.  Figure  64a,  which  still  can  be 
identified  as  PbSO^,  but  it  has  anabnormaly  weak  bands  above 
1000  cm~*.  This  spectrum  was  recorded  at  60  degrees.  After 
letting  the  sample  dry  in  air  for  24  hours  its  spectrum  was 
recorded  again.  Figure  64b,  this  time  giving  a much  better 
spectrum  but  still  not  as  good  as  those  obtained  from  the 
short  time  exposures.  Figure  64b  was  recorded  using  65 
degrees  incident  angle.  Using  even  higher  angle,  65-68 
degrees,  gave  a better  spectrum  which  is  identical  in 
appearance  to  those  recorded  in  the  shorter  exposures,  and 
it  has  a clear  indication  of  red  PbO,  Figure  64c. 

The  next  exposure  was  7 hours  long.  No  meaningful 
spectrum  was  obtained  in  the  first  four  hours  after  removal 
of  the  sample  from  the  solution,  and  it  had  a very  weak  and 
broad  band  around  800  cm*1.  After  letting  the  sample  dry  in 
air  for  two  days  an  excellent  PbSO^  spectrum  was  recorded, 
which  also  had  a red  fbo  band. 

The  longer  exposures,  16  and  20.5  hours,  gave  samples 
gray  to  dark  gray  in  color,  but  the  main  difference  was  that 
their  spectrum  was  completely  different  from  these  obtained 
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from  the  shorter  exposures.  Figure  65  shows  the  spectra 
obtained  at  two  different  settings  of  light  polarizations. 

Two  logical  explanations  exist  for  the  series  of 
reactions  observed  at  .80  V NHE.  The  first  explanation  is 
the  possible  trapping  of  water  molecules  in  the  film,  and, 
while  the  film  was  not  too  thick,  these  molecules  could 
still  diffuse  to  the  surface  and  evaporate.  While  in  the 
film  these  water  molecules  could  cause  masking  of  the 
spectrum  in  the  longer  wavelength  region,  thus  explaining 
the  difficulty  of  obtaining  a spectrum  upon  removal  from 
solution.  In  the  longer  exposures,  16  and  20.5  hours,  the 
film  was  probably  too  thick  for  the  water  molecules  to 
diffuse  to  the  surface  or  they  already  were  bonded  as  a 
chemical  complex.  This  explanation  can  be  supported  by  the 
fact  that  these  samples,  16  and  20.5  hours  exposures,  still 
gave  the  same  spectra  even  after  20  days  drying  in  air. 
Mater  has  a medium  and  broad  band  centered  at  750  cm-1,  and 
this  is  close  enough  to  the  800  cm-*  band  seen  in  Figure 
65b,  which  cause  the  major  difficulty  in  identifing  the 
surface  film.  The  presence  of  PbSO^  in  the  spectra  is  clear 
and  can  also  be  supported  by  electron  micrographs  of  those 
samples  that  showed  the  exact  same  crystals  as  the  shorter 
exposed  samples.  Raman  spectra  of  the  longer  exposed 
samples  did  not  help  to  solve  the  problem  since  they  only 
showed  PbSO^  and  red  PbO  bands  (67) , but  if  water  were 
present  the  Raman  spectra  could  not  help  much  since  water  is 
a poor  Raman  scatterer. 
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The  other  explanation  is  the  possible  formation  of  lead 
bisulfate  (Pb(HSC>4)2  ) under  the  surface  fill".  Not  much 
information  on  this  compound  is  available,  but  using  an 
analogy  to  other  bisulfate  compounds  (79)  it  is  reasonable 
to  assume  that  the  lead  bisulfate  has  a band,  probably 
strong,  near  800  cm~».  Since  no  bisulfate  was  detected  by 
fiaaan,  which  should  have  detected  it,  this  whole  explanation 
does  not  have  much  support. 

Besides  the  two  possibilities  mentioned  above,  there  is 
another  explanation  which  is  based  on  a published  paper  (80) 
that  deals  with  the  lew  temperature  spectrum  of  PbS04.  This 
is  the  only  paper  that  says  that  PbSC>4  has  one  of  its 
fundamental  frequencies  in  the  vicinity  of  800  cm-1.  It  is 
unlikely  that  if  this  was  true  that,  this  band  at  800  ca~* 
was  not  observed  from  other  exposures  in  this  research. 

3.3.2.  Exposures  in  O.ltJ  K2S04  (pH=5.75) 

The  electrochemical  polarization  curve  in  0.1H  K2SV 
Figure  66,  looks  almost  identical  to  the  polarization  curve 
that  was  run  in  0.1H  sulfuric  acid.  This  agrees  well  with 
the  information  presented  in  the  Pourbaix  diagram.  Figure 
54,  of  the  system.  The  two  big  waves  in  the  polarization 
curves.  Figures  55  and  66,  are  at  the  same  potential  and 
they  correspond  to  the  Pb/PbS04  transition  line,  which  is  pH 
independent,  as  seen  in  the  Pourbaix  diagram. 

Exposures  at  -.62  V N HE  gave  a dark  sample  which  showed 
a strong  red  PbO  spectrum.  Figure  67,  with  some  LCH. 
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In  the  PbS04  region  of  the  Pourbaix  diagram,  experiments 
were  carried  out  to  compare  the  effect  of  using  0.1M  K2S04 
solution,  which  is  not  a buffering  system,  versus  the  use  of 
the  regular  phosphate  buffer  with  an  added  amount  of  sulfate 
ions.  In  the  latter  case  the  sample  had  a dark  color  and 
the  spectrum  obtained  was  of  red  PbO  with  a possible 
indication  of  small  amounts  of  yellow  PbO,  Figure  68a. 
Exposing  a sample  in  0.1H  K2S04  at  identical  potential 
conditions  and  almost  the  same  pH  value,  the  current  was  20 
times  smaller  than  that  observed  in  the  phosphate  plus 
sulfate  exposure.  In  the  0.1M  K2S04  exPosure  the  sample  had 
a white-gray  color.  All  these  are  indications  that  the 
species  formed  in  the  two  exposures  were  different.  The 
spectrum  obtained  from  the  exposure  in  the  0.1M  K2S04 
solution.  Figure  68fc,  shows  a clear  PbS04  spectrum.  The 
only  different  feature  in  this  spectrum  is  the  very  sharp 
band  at  450  cm*>.  The  position  of  the  band  makes  it 
possible  to  assign  it  to  red  PbO,  but  based  on  this  band 
shape  it  is  unlikely  that  it  is  a red  PbO  band.  The  sulfate 
group  has  a fundamental  frequency  at  450  cm~‘  (79)  which  is 
Raman  active  but  is  not  allowed  in  the  infrared.  It  is 
possible  that  the  sulfates  in  that  film  are  somewhat 
distorted,  thus  overcoming  the  selection  rules,  and  allowing 
the  450  cm-1  frequency  to  be  infrared  active.  The  Raman 
spectrum  of  this  sample  gave  the  usual  PbS04  bands  with  some 
enhanchment  of  the  450  cm-»  band. 

Exposure  in  the  Pb02  region  of  the  Pourbaix  diagram,  at 


92 

1.08  V N HE , gave  a gray-brown  sample.  The  spectrum 

obtained.  Figure  69,  shows  the  PbS04  bands  and  a sharp  band 
at  445  cb*1 . This  band  is  not  as  sharp  as  the  450  cm-1  band 
in  Figure  68b,  but  they  due  have  some  similarity.  The 
interesting  thing  in  the  445  era-*  band  is  that  it  shows  a 
shoulder  at  470  cm-1.  This  shoulder  can  be  attributed  to 

red  PbO . There  is  a possibility  though  that  the  shoulder 

and  the  445  cm-1  band  are  part  of  the  spectrum  of  PbO-PbSO^ 

that  formed  on  the  surface.  The  infrared  transmission 

spectrum  of  PbO*Pbsc>4  (41)  has  a strong  band  at  420  cm-1  and 
a shoulder  at  454  cm-*,  and  these  can  match  the  445  ci~‘ 

band  and  the  470  cm-*  shoulder  that  are  seen  in  Figure  69. 

Since  a Raman  spectrum  of  the  sample  (67)  did  not  show 
any  trace  of  lead  oxide,  it  is  more  likely  that  the  band  at 
445  cm-*  and  the  shculder  at  470  cm-*  are  due  to  breakdown 
in  the  selection  rules  in  the  sulfate  spectrum,  and  it  fits 
well  since  that  vibration  is  doubly  degenerate. 

3.3.3.  Exposures  in  KCH  ♦ 0. Id  K2S04  (pH=10. 9- 1 1 . 2) 

The  electrochemical  polarization  curve  of  lead  in  this 
solution.  Figure  70,  exhibits  only  two  waves  in  its 
oxidation  cycle.  The  lower  wave  though  is  seen  to  be 
resolved  into  two  small  waves.  The  upper  potential  wave  has 
a somewhat  odd  shape  indicating  that  either  many  processes 
occur  simultanously  or  the  transition  is  not  a sharp  one. 
The  number  of  waves  corresponds  well  with  the  Pourbaix 
diagram  of  the  system.  Figure  54. 
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An  exposure  carried  out  in  the  immunity  region,  at 
-.67  V NHE,  snowed  reducing  currents  throughout  the 
exposure,  and  the  sample  color  stayed  shiny  metallic  silver. 
Obtaining  a spectrum  from  that  sample  was  difficult  and  no 
meaningful  bands  could  be  seen. 

A few  exposures  were  run  at  .24  V NHE.  The  main 
difference  in  these  exposure  conditions  was  the  length  of 
time  they  were  exposed,  which  ranged  from  3 minutes  to  3.5 
hours.  In  the  3 minute  exposure  the  film  was  probably  too 
thin,  and  no  bands  were  observed.  Exposing  a sample  for  a 
longer  time,  25  minutes,  produced  a spectrum.  Figure  71  that 
displays  bands  at  the  two  extremes  of  light  polarization. 
Figure  71a  shows  clearly  the  presence  of  sulfates,  in  the 
broad  band  around  1200  crl,  but  there  is  also  a clear 
presence  of  LCH  as  seen  from  the  1450  cm-1  band.  The  other 
extreme  of  light  polarization.  Figure  71b,  supports  the 
presence  of  the  two  compounds  identified  in  Figure  71a,  but 
it  also  adds  the  presence  of  red  PbO,  the  460  cir‘  band. 

The  presence  of  LCH  was  somewhat  disturbing,  and  a few 
steps  were  taken  tc  get  rid  of  the  carbonates  presence  in 
solutions.  This  was  complicated  by  the  potassium  hydroxide 
(KOH) , which  is  a very  good  adsorbant  of  carbon  dioxide.  In 
preparing  solutions  for  exposure  the  following  steps  were 
taken:  the  solution  was  boiled  - equivalent  to  degassing  - 

and  KOH  was  added.  At  this  point  granular  lead,  about  50  gr 
for  3 liter,  was  added  to  the  hot  solution  so  it  could  form 
LCH  and  deplete  the  solution  even  more  of  carbon  dioxide  and 
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carbonates,  while  still  hot  the  solution  was  filtered  - to 
keep  the  granular  lead  away  from  the  storage  bottle.  In  the 
bottle  the  solution  was  purged  with  nitrogen  and  the  bottle 
was  tightly  closed.  Just  before  the  exposure  the  solution 
was  boiled  again.  After  the  exposure  the  sample  was  quickly 
dried  with  a stream  of  nitrogen. 

Comparison  samples  were  exposed  for  the  same  length  of 
time,  2.5  hours,  and  gave  different  spectra.  One  sample  had 
a specially  prepared  solution  and  the  other  sample  was 
exposed  in  a solution  where  special  precautions  were  not 
taken.  Figure  72  was  obtained  from  a sample  that  was 

exposed  in  a solution  especially  prepared  to  minimize 
carbonate  content,  an  added  precaution  in  this  exposure  was 
an  overnight  purging  of  the  solution  with  nitrogen  while  in 
the  electrochemical  cell.  Figure  73  was  obtained  from  a 
sample  exposed  in  solution  not  especially  treated  to 

minimize  carbonate  content.  Comparing  Figures  72a  and  73a 

show  that  in  the  former  case  all  the  carbonate  bands  are 

weaker.  There  are  other  differences  between  these  two 
spectra,  one  of  them  is  the  465  cr»  band,  seen  in  Figure 
73a.  This  band  does  not  appear  in  Figure  72a,  which  is  the 
matching  spectrum,  in  polarizer  settings,  of  Figure  73a,  but 
rather  appears  at  the  other  extreme  of  light  polarization, 
Pigure  72b.  No  explanation  other  than  a different  film 
orientation  can  be  given  for  these  results,  since  comparing 
all  the  bands  of  Figure  72  with  all  the  Lands  in  Figure  73 
shows  that  all  of  them  are  there,  but  they  are  not 
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distributed  in  the  sate  way  in  each  spectrum. 

3.3.4.  Lead  Exposures  for  Film  Thickness  Measurements 

The  experimental  techniques  used  to  measure  passive  film 
thicknesses  were  discussed  in  section  2.7.  of  this  report. 

Exposures  were  performed  in  0.1M  sulfuric  acid  at  a 
potential  of  .80  V NHE . The  lead  film  thickness  was 
measured  before  the  exposure,  for  most  accurate  results,  and 
the  after  exposure  thickness  was  figured  from  that  value  by 
multiplying  it  by  a factor  of  4.12.  This  factor  was 
determined  from  a few  measurements  of  exposed  samples. 
Thickness  corrections  based  on  density  change  from  lead  to 
the  appropriate  oxidation  product,  using  literature  values, 
were  found  to  be  inaccurate,  since  the  thin  films  formed  in 
the  electrochemical  exposures  did  not  always  display  the 
bulk  material  densities. 

Short  exposures  under  these  conditions  were  presented 
before.  Figure  60,  and  were  identified  to  give  PbS04  and  red 
Pbo.  Figure  74  shews  the  spectra  obtained  from  a vapor 
deposited  lead  sample  that  was  exposed  for  15  minutes  in 
0.  Ifl  sulfuric  acid.  lhe  maximum  film  thickness  obtained,  in 
case  all  the  lead  had  oxidized,  was  2142  * 61  angstroms. 
The  spectrum  obtained  is  clear  and  sharp  and  is  identified 
as  PbS04  ; no  red  PbO  bands  are  present,  this  is  reasonable 
in  a thin  film  that  is  not  much  of  a diffusion  barrier  for 
the  sulfate  ions. 

Based  on  the  literature  (19,28)  the  reflectance  and  film 
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thickness,  of  that  magnitude,  are  linearly  related.  Prom 
this  it  is  clearly  seen  that  a film  ten  times  thinner  than 
the  one  that  gave  the  spectrum  in  Figure  74a,  can  be 
detected  using  infrared  reflection  spectroscopy.  This  lower 
limit  is  in  the  200  angstroms  range.  These  results  require 
some  remarks: 

1)  This  is  true  only  for  PbSC>4  which  constitutes  the 
surface  film  examined.  The  estimation  for  other  compounds 
can  be  made  if  their  optical  constants  are  known  for  the 
infrared  region  of  interest. 

2)  The  sensitivity  obtained  can  be  improved  using  better 
reflection  attachments  and  signal  averaging  techniques. 


3.4.  Iron  Exposures 

High  temperature  iron  exposures  were  conducted  as 
preliminary  efforts,  for  providing  reference  infrared 
reflection  spectra  of  iron  oxides,  and  for  further  research 
on  the  passivity  of  iron  in  aqueous  solutions.  The  present 
research  is  not  entirely  original  and  is  in  part  after  the 
work  done  by  Poling  (19)  . 

Figure  75a  shows  a spectrum  obtained  from  an  Armco  iron 
sample  exposed  for  405  hours  in  230°,  this  spectrum  was 
obtained  without  using  a polarizer  in  the  light  path. 
Comparing  this  spectrum  to  Figure  75b  which  shows  a spectrum 
obtained  from  an  Armco  iron  sample  exposed  for  288  hours  in 
230®,  this  time  with  a polarizer  in  the  light  path,  clearly 


shows  the  advantage  of  the  use  of  a polarizer  to  increase 
the  sensitivity  of  recording  a spectrum.  All  the  bands  in 
Figure  75b,  except  the  655  cm-*  band,  can  be  attributed  to 
ot”fe2^3#  which  is  a very  strong  absorber  of  infrared 
radiation,  its  extinction  coefficient  is  4.5  to  22  times 
greater  than  those  of  the  other  iron  oxides  (19) . The  655 
cm-*  band  can  be  assigned  to  *'-Fe203  and  Fe304. 

No  difference  was  observed  between  the  spectra  obtained 
from  Armco  iron  samples  and  those  obtained  from  vapor 
deposited  iron. 
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Figure  17 . Infrared  spectrum  from  lead  exposed  in  phthalate 
buffer,  pH-14.,  for  1.5  hours  at  . 28  V NHE. 
a)  Parallel  polarization,  b)  Perpendicular 
polarization,  c)  Spectrum  of  potassium  hydrogen 
phthalate  powder,  in  KBr. 
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Figure  18.  Infrared  spectrum  from  lead  exposed  in  phosphate 
buffer,  pH*7,  for  2 hours,  parallel  polarization 
a)  -.76  V NHE,  was  not  washed,  b)  -.64-  V NHE, 
sample  was  washed,  c)  Perpendicular  polarization 
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Figure  19.  a)  Reflection  spectrum  of  lead  exposed  in 

bicarbonate  buffer,  pH»10,  for  2.75  hours  at 
-.56  V NHE.  b)  Transmission  spectrum  of 
orthorombic  PbO  powder,  in  KBr. 
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Figure  20.  ai  Reflection  spectrum  from  lead  exposed  in 

bicarbonate  buffer,  pH=10,  for  24  hours  at  -.4 
V NHE . bi  Transmission  spectrum  of  LCH  powder, 
in  KBr. 
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21.  Reflection  spectra  of  lead  exposed  in  bicarbonate 
buffer,  pH=10,  at  -.I4.2  V NHE.  a)  For  I4.  hours, 
parallel  polarization,  b)  For  dj.  hours, 
parallel  polarization,  c)  For  I4.  hours, 
perpendicular  polarization. 


frequency , cm-' 

Figure  ?3.  Change  of  band  position  in  reflection  spectra 
due  to  the  angle  of  incidence,  obtained  from 
lead  exposed  in  bicarbonate  buffer,  pH*10,  for 
2.2p  hours  at  -.37  v NHE.  a)  I4.50  b)  60° 
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Figure  ,6.  Lend  exposed  in  phosphate  buffer,  pH=7,  at 

-.11  V NHE  for  19  hours.  Magnification:  2000> 
black  particle  - SiC,  light  colored  "balls"  - 
lead  phosphate. 


Figure  27.  Infrared  reflectioi 
from  lead  exposed  i 
at  1.08  V NHE  for  : 


in  bicarbonate  buffer,  pH=io,  at  -.28 
for  4.  hours,  a)  Parallel  polarization, 
b)  Perpendicular  polarization. 
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Figure  30.  Infrared  reflection  spectra  from  lead  exposed 
in  bicarbonate  buffer,  pH=10.  a)  . 21*.  V NHE, 
18.5  hours,  parallel  polarization,  b)  . 2k  V 
NHE,  18.5  hours,  perpendicular  polarization, 
c)  .01*.  V NHE,  1.5  hours,  d)  .2k  V NHE,  5.5 
hours . 
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Figure  31.  Infrared  reflection  spectra  from  lead  exposed 
in  phosphate  buffer,  pH=7 » at  .67  V NHE  for  2 
hours,  a)  Parallel  polarization,  b)  No 
polarizer,  c)  Perpendicular  polarization,  d) 
Transmission  spectrum  of  Pb^O^j.  powder,  in  KBr 
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r'irrure  33.  I.ead  exposed  in  bicarbonate  buffer,  pH=lO,  at 
.51  V N HE  for  6 hours.  Magnification!  1000X. 
Film  coated  surface,  cracks  from  sample 
preparation  for  dMM. 
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FREQUENCY.  CM  1 

Figure  34*  Infrared  reflection  spectra  from  lead  exposed 
in  phosphate  buffer,  pH=7,  at  .99  V NHE  for  2 
hours,  a)  Multiple  reflections,  60°.  b)  Single 
reflection,  65°.  c)  2-j>  reflections,  60-65°. 
d)  Multiple  reflections,  65°.  e)  1-2  reflections 
70°. 
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Figure  35*  Infrared  reflection  spectra  from  lead  exposed 
in  bicarbonate  buffer,  pH=10.  a)  .75  v NHE, 
for  2.25  hours,  b)  .75  V NHE,  for  5.5  hours, 
c)  .83  V NHE,  for  3-25  hours. 
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Figure  38.  Pourbaix  diagram  of  the  system  Lead-Water- 
Chlorides  (aci“  = 0.1) , calculated  with  the 
latest  available  thermodynamic  data  (65) . 


Figure  39.  Polarization  curve  of  lead  in  O.lM  HCl.  Scan 
rate  kO  mv /minute. 
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Figure  43 . Infrared  reflection  spectra  from  lead  exposed 
in  phosphate  buffer,  with  0.1M  chloride  ions, 
pH=7.  a)  and  b)  17  hours  at  -.11  V NHE. 
c)  16  hours  at  -.11  V NHE. 


figure  kS.  Lead  exposed  in  phosphate  buffer,  containing 
0.1K  chloride  ions,  t>H=7,  at  -.11  V NHE  for 
16  hours.  Magnification:  5000X.  Particles  - 
lead  phosphate,  no  chlorides  uere  detected. 
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Firure  Ll7  • lead  exposed  in  phosphate  buffer  containing 

C .OIK  chloride  ions,  pH=7,  at  -.01  V NHfc  for  3 
hours.  Magnification:  1000X.  Film  coated  surface, 
no  particles. 
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Figure  $0.  Infrared  reflection  spectra  from  lead  exposed 

phosphate  buffer  containing  O.lM  chloride  ions, 
pH=7,  for  3 hours  at  1.08  V NHE.  a)  IX,  parallel 
polarization,  b)  JX,  parallel  polarization,  c) 
IX,  perpendicular  polarization. 
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Figure  52.  Infrared  reflection  spectrum  from  lead  exposed 
in  bicarbonate  buffer,  containing  0.1K 
chloride  ions,  pH=lO,  for  Ip  hours  at  1.08  V NHE. 
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Figure  514- . Pourbaix  diagram  of  the  system  Lead-Water- 
Sulfates  (ago. ““  - 0.1) , calculated  with  the 
latest  ^ available  thermodynamic  data  (65) ■ 
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Figure  56.  a^  Infrared  transmission  spectrum  of  PbSC>4 

powder,  in  KBr . b>  Infrared  reflection  spectrum 
from  lead  exposed  in  0.1M  sulfuric  acid,  pH=0.9, 
for  3 hours  at  -.02  V NHE . 


Figure  S8.  T.ead  exposed  in  0.1M  sulfuric  acid,  pH=0.9,  at 
-.40  V NHE  for  2 hours.  Magnification:  1000X, 
particles  are  probably  lead  sulfate. 
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Figure  59.  Infrared  reflection  spectra  from  lead  exposed 
in  0.1M  sulfuric  acid,  pH=0.9,  for  16  hours  at 
-.02  V N1IE . a ) 60-65°  45°  c)  30°. 
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Figure  62.  Lead  exposed  in  0.1m  sulfuric  acid,  pH-0.9,  at 
.80  V NHE  for  16  hours.  Magnification-.  2000X, 
lead  sulfate  crystals. 
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Figure  64.  Infrared  reflection  spectra  from  lead  exposed 

in  0.1M  sulfuric  acid,  pH=0.9,  at  .80  V NHE  for 
3.5  hours,  al  60°  b)  After  drying  in  air  for 
24  hours,  65°  c^  same  as  (b^ , 65-68°. 
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Figure  65.  infrared  reflection  spectra  obtained  from  lead 
exposed  in  0.1M  sulfuric  acid,  pH=0.9,  at  .80 
V NHE  for  20.5  hours,  a^  Parallel  polarization, 
b)  Perpendicular  polarization. 
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Figure  68.  Infrared  reflection  spectra  obtained  from  lead 
a)  Exposed  in  phosphate  buffer,  containing 
0.1M  sulfate  ions,  pH=7,  at  . 2I4.  V NHE  for  16.75 
hours,  b)  Exposed  in  O.lM  KgSOj,  solution, 
pH=5.75,  at  . 21+  V NHE  for  1.7?  hours. 
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Figure  70.  Polarization  curve  of  lead  in  KOH  solution 
containing  0.1M  sulfate  ions,  pH=10. 9-11.2 
Scan  rate  i+O  mv/minute. 


Figure  72.  Infrared  reflection  spectra  from  lead  exposed 
in  KOH  solution  containing  O.lM  sulfate  ions, 
pH=10. 9-11.2,  especiallyprepared  to  minimize 
carbonates  content,  at  . 21+.  V NHE  for  2.5  hours 
a)  Parallel  polarization,  b)  Perpendicular 
polarization. 
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Figure  73.  Infrared  reflection  spectra  from  lead  exposed 
in  KOH  solution  containing  0.1M  sulfate  ions, 
pH=10.9-11.2,  at  .21 4.  V NHE  for  2.75  hours, 
a)  Parallel  polarization,  b)  Perpendicular 
polarization. 
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Figure  74.  Infrared  reflection  spectra  from  lead  film, 
vapor  deposited  on  gold,  exposed  in  0.1M 
sulfuric  acid,  pH=0.9,  at  .80  V NHE  for  20 
minutes.  Film  thickness  2142  angstroms,  a} 
Parallel  polarization.  kO  Perpendicular 
polarization . 
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Figure  75-  Infrared  reflection  spectra  from  Armco  iron 
oxidized  at  230°c.  a)  For  1+ 05  hours,  no 
polarizer,  b)  288  hours,  with  parallel 
polarization. 


161 


r 


4.  SUMMARY 

In  the  present  research  infrared  reflection  spectroscopy 
was  demonstrated  to  be  a sensitive  surface  analysis 
technique.  The  sensitivity  of  the  reflection  technique, 
which  is  capable  of  detecting  surface  films  less  than  200 
angstroms  thick,  is  definitely  compound  dependent.  The 
sensitivity  can  either  be  greater  or  less  than  that  achieved 
in  this  research,  depending  on  the  species  in  the  surface 
layer. 

Improvements  to  enhance  the  overall  sensitivity  of  the 
technique  can  be  made  by  using  one  or  more  of  the  following: 

1)  Better  optics  - beam  condensers,  variable  sample 
position  attachment  with  a better  control  to  balance  the 
reference  and  sample  beams. 

2)  Signal  averaging  techniques. 

3)  Infrared  laser  spectroscopy  - narrow  beam, 
monochromatic  radiation,  more  energy  will  be  available 
for  probing  the  surface. 

One  problem  area  of  infrared  reflection  spectroscopy 
that  requires  expansion  is  the  limited  availability  of 
reference  reflection  spectra,  thus  restricting  the  use  of 
this  technique  in  routine  analytical  work. 

No  thorough  matching  exists  between  the  results  obtained 
from  the  electrochemical  exposures  and  the  predicted  results 
from  the  appropriate  Pourbaix  diagrams.  This  is  not 
surprising  since  the  information  considered  in  constructing 
a Pourbaix  diagram  fixes  the  information  one  can  obtain  from 
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the  diagram.  This  was  demonstrated  in  the  lead-water  system 
where  no  carbonates  were  considered  in  calculating  the 
Pourbaix  diagram.  Electrochenical  exposures,  in  bicarbonate 
buffer  solution,  in  the  immunity  region  gave  lead  carbonate 
nydroxide  (LCH) . Thus  the  region  should  not  be  considered 
an  immunity  region  but  rather  a passivity  region.  These 
results  match  a published  diagram  (81)  of  the 
lead-water-carbonate  system.  The  theoretical  Pourbaix 
diagrams  do  not  match  some  of  the  experimental  results 
because  of  kinetic  effects,  which  are  not  taken  into  account 
when  constructing  a Pourbaix  diagram,  and  because  of  the 
presence  of  impurities,  which  can  alter  the  transformation 
of  one  polymorph  to  another,  as  was  seen  in  the  case  of 
orthorhombic  PbO  in  solutions  containing  chloride  ions. 

As  expected,  infrared  reflection  spectroscopy  could  not 
provide  much  information  cn  lead-chloride  compounds,  thus 
stressing  the  need  for  a co uplementary  technique  to  be  used 
in  this  research. 

On  the  other  hand  infrared  reflection  spectroscopy  was 
demonstrated  to  be  a very  sensitive  technique  for  the  lead 
sulfate  compounds.  It  was  seen  that  some  evidence  on  the 
trapping  of  water  molecules  in  thick  PbS04  ♦PbO  films  was 
obtained.  This  was  not  supported  by  other  techniques  such 
as  Raman  spectroscopy  (67) , x-ray  diffraction  and  SEN,  which 
either  were  not  sensitive  to  water  or,  probably,  altered  the 
the  film.  Some  informaticn  was  obtained  about  different 
symmetry  of  the  PbS04  film  in  weak  acid  solution  as  compared 
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APPENDIX  I 

Calculation  of  The  Pourbaix  Diagram  of  The  Lead-Water  System 
Ag°  - Free  Energy  of  Formation  (65),  cal/Mole 


Pb++ 

. . . -5930 

PbO  (Y) 

. . . J4I1910 

PbO  (R) 

. . . -45160 

PbO  

. . . -51950 

Ph  n 

...  -ill 3700 

3 1; 

Equlibrium  Reactions: 

1)  Ph  + H20  = PbO(R)  + 2H+  + 2e~ 

E = 0.25  - 0.059pH 

2)  3PbO  + H20  = PbgOjj  + 2H+  + 2e~ 

E = 1.051  - 0.059pH 

3)  SPbjO^  + H20  = 3Ph203  + 2H+  + 2e' 
E = 1.059  - 0.059pH 

k)  Vb30h  + 2H20  = 3Pb02  + >»H+  + Ue_ 
E = 1.097  - 0.059pH 

5)  Pb203  + H20  = 2Pb02  + 2H+  + 2e“ 

E = 1.110  - 0.059pH 

6)  Pb++  + H20  = PbO  (R)  + ?H+ 
logK  = -12.71* 

- 10-6 


pH  = 9.37 
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7)  Fb  = Fb++  + 2e“ 

E = -0.126  + 0.02Q51og(apb++) 

8)  3Pb++  + l4H20  = Pb301(  + 8H+  + 2e“ 

E = 2.18  - 0.236pH  - 0.0891og(apb++) 

9)  2Pb++  + 3H20  = Fb903  + 6h+  + 2e~ 

E = 1.806  - 0.177pH  - 0.0591og(aPt++) 

10)  Fb++  + 2H20  = Pb02  + 1*H+  + 2e“ 

E =1.1*58-  0 . ll8pH  - 0.02951og(a?b++) 


* Free  energies  of  formation  (Ag°)  that  were  used  in  the  calculation 

of  this  appendix  but  were  not  written  in  the  above  table,  are  nod4fferent 
from  those  used  by  M.  Pourbaix  (j). 
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APPENDIX  II 

Calculation  of  The  Pourhaix  Diagram  of  The  Lead-Water-Chloiide  System 
Ag°  - Free  Energy  of  Formation  (65),  cal/mole 

OH” -3759^ 

Cl" -31372 

PhCl2 -75080 

3PbO*PbCl2  (R)  -22k686 

(Y)  -22h2h6 

a)  tPbO  + 2C1-  + H20  = 3FbO*PbCl2  + 20H" 

b)  kPbO  + 2C1“  + 2H+  = 3Fb0.PbCl2  + H20 
Caculation  ofAG°  of  3PbO-PbCl2  : 

AG°  (3PbO*PbCl2)  = -1.36UK  - 2Ag°  (0H“)  + kAG°  (PbO)  + 2Ag°  (Cl~)  + 

+ Ag°  (h2o) 

K can  be  calculated  using  Appellet's  thermodynamic  values  (6k)  : -lk7  cal/mole 
Equilibrium  Reactions : 

1)  Fb++  + H20  = FbO  + 2H+ 

(R)  pH  = 7.75 

(Y)  pH  = 7.80 

2)  kPb++  + 2C1-  + 3H20  = 3FbO-PbCl2  + 6H+ 

(R)  pH  = 6.026 


173 


I)  Pb  = Fb++  + 2e~ 

E = - 0.208 

5)  lPbCl2  + 3H20  = 3PbO-PbCl2  + 6C1"  + 6H+ 

(R)  pH  = 6.021 

(Y)  pH  = 6.075 

6)  Fb  + H20  = PbO  + 2H+  +2e~ 

(R)  E = 0.250  - 0.059pH 
(Y)  E = 0.252  - 0.05*pH 

7)  UFb  + 2C1"  + 3Ho0  = 3FbO-PbCl2  + 6h+  + 8e“ 
(R)  E = 0.059  - O.OllpH 

(Y)  E = 0.06l  - O.OllpH 

8)  Pb  + 2C1“  = PbCl2  + 2e~ 

E = - 0.208 

9)  3Pb  + PbCl2  + 3H20  = 3PbO-PbCl2  + 6H+  + 6e~ 
(R)  E = 0.118  - 0.059pH 

(Y)  E = 0.151  - 0.059PH 

10)  Pb  + 3 PbO  + 2C1"  = 3PbO*PbClo  + 2e" 

(R)  E = - 0.515 

(Y)  E = - 0.512 

II)  3Pb0*PbClo  + H20  = iPbO  + 2C1"  + 2H+ 

(R)  4 (Y)  pH  = 12.92 

12)  3Pb0  + H20  = Pb^O^  + 2H+  + 2e“ 

E = 1.051  - 0.059pH 

13)  Pb^  + 2H20  = 3PbO.J  + 1H+  + le“ 


m 


E = 1.097  - 0.059pH 
lit)  3Pb++  + Uh20  = Fb^  + 8H+  + 2e“ 

E = 2.18  - 0.236pH  - 0.0891og(apb++)  = 2. 426  - 0.236pH 

15)  Fb++  + 2H20  = p-b02  + 4h+  + 2e“ 

E = 1.458  - 0 . ll8pH  - 0.02951og(ap^++)  = 1.540  - 0.1l8pH 

16)  PbCl2  + 2H20  = p-bO^  + 4h+  + 2C1"  + 2e” 

E = 1.541  - 0.1l8pH 

17)  3PbCl2  + 4H20  = Pb-O^  + 8H+  + 6C1“  + 2e“ 

E = 2.426  - 0.236pH 

18)  3(3FbO* **PbCl2)  + 7H20  = 4Pb30)+  + 14h+  + 6ci“  + 8e“ 

E = 1.625  - 0.103pH 

19)  3Fb0-PbCl2  + 5H20  = 4Pb0?  + 10H+  + 201“  + 8e" 

E = 1.273  - 0.074pH 

* PbCl^  was  not  considered  due  to  lack  of  thermodynamic  data. 

**  Pb20-^  was  considered  but  the  results  obtained  for  its  potential-pH 
relations  did  not  fit  into  the  diagrnm,  probably  due  to  the  lack 


of  modern  thermodynamic  data. 


■ p 
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APPENDIX  III 

r ' Calculation  of  The  Pourbaix  Diagram  of  The  Lead-Water-Sulfate  System 
AG°  - Free  Energy  of  Formation  (65),  cal/mole 


so“- -177970 

HSO^ -180690 

PbSOj4 -191*320 

FbO  • PbSO^ -21*6700 

3Pb0  • FbSO^  • H20 -397300 

5Pb0*  2Ho0 -336350 

C. 


Equlibrium  Reactions: 


1) 


2) 


Pb  + HSO^  = PbS0lt  + I!+  + 2e~ 

E = -0.296  - 0.0295pH  - 0.02951og( 


X"  + ^ =°a 

E = -0.3255  - 0.0295pH 
Pb  + SO"  = PbS01(  + 2e~ 


E = -0.321*5 

3)  2Fb  + SO"  + Hp0  = PbO'PbSOj  + 2H+  + l*e“ 

E = -0.116  - 0.0295pH 

1*)  l*Pb  + SO"  + l*Hp0  = 3PbO  • PbS0)(  • Hp0  + 6H+  + 8e~ 
K » 0.01*7  - 0.0l*l*3pH 


5)  5Pb  + 2Hp0  = 5Pb0-2Hp0  + 10H+  + 10e“ 

E = 0.260  - 0.059pH 

6)  PbS0,4  + 2Hp0  = PbO?  + HSO"  + 3H+  + 2e" 
E = 1.598  - 0.0885pH 

PbSO^  + 2Hp0  = PbO  + SO”  + !*H+  + 2e_ 
E = 1.657  - 0. ll8pH 


7) 


8)  PbO-FbSO^  + 3H20  = 2Pb02  + 6H+  + S0^“  + 4e~ 

E = 1. 1*1*7  - 0.885pH 

9)  3PbO  • PbSOjj ' HgO  + Uiy)  = 4?b02  + 10H+  + SO”  + 8e“ 

E = 1.285  - 0.0738pH 

10)  5Pb0-2H20  + 3H20  = 5Pb02  + 10H+  + lOe" 

E = 1.070  - 0.059pH 

11)  Pb301|  + 2H20  = 3Pb02  + 4h+  + 4e“ 

E = 1.097  - 0.059pH 

12)  Pb203  + H20  = 2Pb02  + 2H+  + 2e" 

E = 1.110  - 0.059pH 

13)  2FbS01+  + 3H20  = Pb203  + 2S0”  + 6h+  + 2e~ 

E = 2.203  - 0.177pH 

14)  PbO'PbSO,  + 2Ho0  = Pbo0o  + SO”  + 4h+  + 2e- 

4 2 2 3 4 

E = 1.785  - 0 . ll8pH 

15)  3Fb0*PbS0u*H20  + 2H20  = 2FbQ0^  + SO”  + 6h+  + 4e" 

E = 1.458  - 0.0885pH 

16)  PPb^  + Hg0  = 3Fb203  + 2H+  + 2e" 

E = 1.059  - 0.059pH 

17)  3PbSOu  + 4H20  = Pb3Ou  + 3S0”  + 8H+  + 2e“ 

E = 2.776  - 0.236pH 

18)  SfPbO-PbSO^)  + 5H20  = 2Pb30j4  + 3S0”  + 10H+  + 4e" 

E = 2.148  - 0.l48pH 

19)  3(3FbO-FbSOu*H20)  + 4h20  = 47^)0^  + 3S0”  + l4H+  + 
E = 1.658  - 0.103pH 

20)  3(5Fb0-2H20)  = 51^0^  + 10H+  + H20  + 10e" 

E = 1.014  - 0.059pH 
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